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FOREWORD 

The rapid development of space science and the  progress recent ly  made i n  /5 
this  f i e ld  have stimulated a grea t  deal of i n t e r e s t  i n  it on the  p a r t  of a 
var ie ty  of spec ia l i s t s .  The prospects fo r  manned spacef l ight  require  the solu- 
t i on  of an increasing number of new and d i f f i c u l t  problems. One of these is  
blodd c i rcu la t ion  under conditions of an a l t e r ed  gravi ta t iona l  f i e l d .  

It i s  common knowledge tha t  spaceflight en ta i l s  exposure t o  accelerations 
and weightlessness, fac tors  khat l i v ing  organisms normally do not encounter on 
ear th .  The r e s u l t s  of many biological  experiments as wel l  as s tudies  made by 
cosmonauts during f l i g h t s  have produced extensive da ta  on reactions of the 
cardiovascular system t o  these extraordinary conditions. The general  p ic ture  
of the  changes proved t o  be f a i r l y  complex ch ief ly  because of the  immense r o l e  
played by the c i rcu la tory  system i n  maintaining the  basic  physiological constants 
and working apparatus of the  body. Yet u n t i l  recent ly  b io logis t s  had compara- 
t i v e l y  meager information on the  s t a t e  of the per ipheral  circulation, especial ly  
the cerebral-, during exposure t o  spacef l ight  factors .  T h i s  s i t ua t ion  made it  
very d i f f i c u l t  t o  i n t e rp re t  the  experimental material, e lucidate  the  mechanisms 
of the  physiological ac t ion  of the grav i ta t ion  factor,  and devise the  necessary 
preventive measures. 

The r e su l t s  of invest igat ions on the  dynamics of the  cerebral  blood circula-  
t i o n  under both normal conditions and gravi ta t iona l  s t r e s ses  t h a t  were car r ied  
out by Yu. Ye. Moskalenko and h i s  associates i n  the  Sechenov I n s t i t u t e  of  
Evolutionary Physiology and Biochemistry &e very relevant  t o  a solut ion of the  
problem. This monograph contains the only summary of the  many years '  work done 
by the author i n  t h i s  timely f i e ld .  
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INTRODUCTION 

In t r ac ran ia l  hemodynamics occupies a spec ia l  pos i t ion  among the  various 
branches of cardiovascular physiology. 
on in t r ac ran ia l  hemodynamics a re  e s sen t i a l  not only i n  the  study of cerebral  
c i rcu la t ion  but a l s o  t o  solve some neurophysiological problems. A s  long ago 
as 1895 Zhukov noted i n  the  Bol'nichnaya gazeta i m .  Botkina (Botkin Hospital  
Gazette) (p .  1092) : "NO s ing le  function, regardless of the  organ, i s  as c losely 
r e l a t e d  t o  the  s t a t e  of blood c i rcu la t ion  as t he  a c t i v i t y  of t he  nerve centers." 
The s ignif icance of t h i s  view has grown, especial ly  i n  o w  times when s tudies  on 
various aspects of cerebral  a c t i v i t y  have come to be cen t r a l  i n  modern physiology. 
Therefore, matters per ta ining t o  the  physiology of the in t r ac ran ia l  blood c i r -  
culat ion can r i g h t l y  be considered neurophysiological matters. 

From the standpoint of t imeliness,  da ta  /6 

The in t r ac ran ia l  blood c i r cu la t ion  can a l so  be considered a c l i n i c a l p r o b -  
lem. Everyone i s  aware OF t he  seriousness of vascular disorders of t he  brain, 
which rank t h i r d  i n  causes of death a f t e r  hear t  disease and cancer (Simonson and 
MacGavak, 1964). Progress i n  t r ea t ing  these disorders i s  l a rge ly  dependent on 
the l e v e l  of knowledge of the  physiology of cerebral  c i rcu la t ion .  

It i s  no accident, therefore,  t h a t  the subject of cerebral  blood c i rcu la t ion  
has f o r  many years been i n  the  forefront  of a t t en t ion  of s p e c i a l i s t s  i n  many 
f i e l d s .  The number of publ icat ions has increased subs tan t ia l ly  i n  recent years.  
For example, according t o  the annotated bibil iography of Soviet  l i t e r a t u r e  on 
t he  craniocerebral  c i rculat ion,  * 32 works were published i n  the lgbh century, 

Some idea of the  
t o t a l  number of publ icat ions now avai lable  i n  the  world l i t e r a t u r e  can be gained 
from the  f a c t  t h a t  an annotated bibliography on the  funct ional  anatomy and 
physiology of t he  cerebral  c i rcu la t ion  issued i n  1952 contained about 4000 t i t l e s .  

60 from 1900 t o  1950, but more than 250 from 1950 t o  1964. /7 

Study of t he  in t r ac ran ia l  c i rcu la t ion  presents much more d i f f i c u l t  technical  
problems than does t h a t  of other p a r t s  of the cardiovascular system. The reason 
i s  t h a t  the  organs of t he  cen t r a l  nervous system have a bony case impairment of 
whose i n t e g r i t y  i n  the course of invest igat ions r e s u l t s  i n  d i s to r t ion  of t he  ob- 
served phenomena. The consequence i s  t h a t  many publ icat ions on the  physiology 
of t he  in t r ac ran ia l  c i rcu la t ion  contain some debatable, unexplained views based 
on contradictory and sometimes unrel iable  f ac t s .  

It follows from the  above t h a t  t he  physiology of t he  in t r ac ran ia l  c i rcu l -  
a t ion  i s  now a multifaceted s c i e n t i f i c  f i e l d  dealing with a.number of problems 
each of which requires  deep and planned study using spec ia l  methods. This 
conclusion i s  supported by the  h is tory  of the  study of t he  subject  i n  recent 
years, which shows t h a t  unl ike the  works published p r i o r  t o  the  1950s, the  most 
thorough s tudies  now undertaken deal  with comparatively narrow problems. For 
example, the  morphology and physiology of t he  cerebral  c i r cu la t ion  has found 
de ta i l ed  expression i n  the  monographs of Klosovskiy (1951) and Klosovskiy and 

A. I. Naumenko and M. M. Suprun, 1964. Soviet  Bibliography on the  Cerebral 
* 
Circulation. Library of t he  F i r s t  Leningrad Medical I n s t i t u t e .  
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Kosmarskaya (1961). 
t h e  bra in  and the l i n e a r  ve loc i ty  of the cerebrospinal f l u i d  (CSF) a re  rigorously 
analyzed i n  the  monograph of Vasilevskiy and Naumenko (1959). 
(1966) summarized %horoWh careful ly  planned s tudies  on regulat ion of the  blood 
flow i n  the r eg iona l  ( i n t e r n a l  caro t id  and ver tebral)  and p i a l  a r t e r i e s  of the  
brain.  The iden t i f i ca t ion  and concretization of t he  main problems i n  the  physio- 
logy of i n t r ac ran ia l  blood c i rcu la t ion  i s  a l so  suggested by the  names of symposia 
held during the  pas t  few years: Physiological Mechanisms of Regulation of the  
Cerebral Circulation ( T i f l i s ,  1963) and Cerebral Ischemia (Florida,  1962). 

Studies  on measurement of the  rate of blood flow through 

Mchedlishvili 

This monograph too deals with a f a i r l y  narrow problem - the  mechanisms of 
compensation of changes i n  the  blood volume of the  c ran ia l  cavi ty  under both 
normal conditions and gravi ta t iona l  s t resses ,  with a t t en t ion  focused mainly on 
the  biophysical aspects. 
governing the dynamics of the  cerebral  blood volume under normal conditions and 
during the  r ed i s t r ibu t ion  of blood caused by gravi ta t iona l  forces, but does not 
go i n t o  the  physiological mechanisms regulat ing the  cerebral  blood volume' or 
cerebral  blood f l a w .  Use w a s  made of mater ia l  obtained i n  acute and chronic ex- 
periments on animals and during observations on human beings aided by i n t r a -  
c r an ia l  electroplethysmography and other biophysical methods. 

It aims a t  e lucidat ion of the  general  p r inc ip les  

/8 

The mechanisms of i n t r ac ran ia l  blood c i rcu la t ion  cons t i tu te  one of the 
major problems i n  the  physiology of the  cerebral  blood volume. 
t h a t  take place i n  the  cerebrovascular system involve complex physical and physio- 
l og ica l  phenomena. Ultimately, however, any changes i n  the cerebral  c i rculat ion,  
whether physiological or physical  i n  nature, a re  r e f l ec t ed  i n  changes i n  the 
blood volume of the individual  vascular basins of t he  c r a n i a l  cavity.  

The processes 

Local and general  changes i n  the cerebral  blood volume r e s u l t  from a grea t  
var ie ty  of causes. Normally, per iodic  changes a r i s e  from the  a c t i v i t y  of the 
hear t  and resp i ra tory  movements. There are  a l so  third-order waves (Meyer waves). 
Nonperiodic changes a r i s e  both from ac t ive  regulatory processes i n  the cerebral  
c i rculatory system and from the e f f ec t s  of physical  fac tors .  Among the commonest 
of t he  na tura l  influences are minor longi tudinal  g rav i t a t iona l  s t r e s ses  caused 
by gravity.  These s t r e s ses  bring about a r ed i s t r ibu t ion  of the  blood during 
v e r t i c a l  changes i n  body posi t ion.  

Under na tura l  conditions a l l  l i v ing  organisms experience longi tudinal  
accelerations with max imum limits of flG which corresponds t o  a s t r i c t l y  v e r t i c a l  
posi t ion of t he  body - head up or head dawn. The values of the  s t r e s ses  ex- 
perienced under na tura l  conditions vary with the  way of l i f e  and mobili ty of 
the  individual organisms. Some animals, moreover, experience b r i e f  accelerations 
of around 2 g when s t a r t i ng  t o  run, and shock overloads of up t o  10 t o  15 g a r i s e  
during a jump from a height of about 1 m. 

The value of a longi tudinal  grav i ta t iona l  s t r e s s  act ing on t he  in t r ac ran ia l  /9 
c i rcu la t ion  with the  body inc l ined  ( a s  i n  f i g .  1) is :  

g '  = Q s i n  8, 0 

where go i s  the accelerat ion of t e r r e s t r i a l  gravity, 8 i s  the  angle of inc l ina t ion  
2 



of the  longi tudinal  axis of t h e  body t o  the  horizontal  plane. 

Figure 1. Relationship of the value of the longi- 
tud ina l  grav i ta t iona l  s t r e s s  to the  value of the  angle 
of inc l ina t ion  of the body t o  the horizontal  plane 
(a )  and diagram of the  forces act ing on an animal 
with the body i n  inc l ined  pos i t ion  ( b )  . 
8 - angle of inc l ina t ion  o f t h e  body to t he  horizon; - force of t e r r e s t r i a l  gravi ty;  gl - i t s  component g0 

d i rec ted  along t h e  body. 

It i s  common knowledge tha t  the  main a r t e r i e s  and veins responsible for 
supplying the  bra in  with blood p a r a l l e l  the longi tudinal  axis  of the  body. 
Hence, the influence of longi tudinal  accelerations on the  cerebral  c i rcu la t ion  
vary with t h e i r  direct ion.  
or with negative acceleration,++ the  force of gravi'ty w i l l  promote the  flow of 
a r t e r i a l  blood to the  head and hamper the  outflow of venous blood, increasing 
both a r t e r i a l  and venous pressure s l i gh t ly .  Consequently, the  c ran ia l  blood 
volume must increase.  With a s t r e s s  acting i n  a head-pelvis d i rec t ion  or with 
a pos i t ive  acceleration, both a r t e r i a l  and venous pressure w i l l  f a l l ,  causing the  
cerebral  blood volume to decrease. Thus, longi tudinal  accelerations act ing on 
l i v ing  organisms under na tu ra l  conditions a l ter  the  blood volume of the  c ran ia l  
cavi ty  . 

With accelerat ion act ing i n  a pelvis-head d i rec t ion  

Since the  development of high-speed aviat ion i n  the  1940s m a n  has had t o  
contend with a r t i f i c a l  g rav i ta t iona l  s t r e s ses  of 2 t o  3 g. This ca l led  a t t en t ion  
f o r  the  f i r s t  time to the  grea t  p r a t i c a l  value t h a t  might accrue from studying 
the  dynamics of the cerebral  blood volume i n  r e l a t i o n  t o  the  r ed i s t r ibu t ion  o f  
blood caused by g rav i t a t iona l  forces.  

The importance of the  subject  has grown considerably i n  recent years owing &) 
t o  t he  progress made i n  building rockets. 
capable of orb i t ing  a spaceship with a man on board. 
intense accelerat ions a re  involved. The r e s u l t s  of laboratory experiments and 

This has l e d  t o  the  creat ion of rockets 
It i s  common knowledge t h a t  

* 
W e  are using here and i n  what follows Hardy's terminology (1964) for the  direc-  

t i o n  of grav i ta t iona l  fac tors .  3 
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t h e  data  obtained during t h e  f l i g h t s  of humans and animals (Henry e t  al., 1951; 
Lindberg e t  al., 1960; Hershgold and Steiner,  1960; Rossanigo and Meineri, 1961; 
Kiselev, 1962; Duvoisin e t  al., 1962; Kas'yan, 1963; Gazenko e t  a l . ,  1964; 
Yazdovskiy, 1964; Howard and Glais ter ,  1964; Lamb, 1964; Lamb e t  al., 1964; others) 
showed tha t  accelerations produce marked abnormalities i n  t h e  behavior of t he  
cardiovascular system due t o  the  red is t r ibu t ion  of blood. 
deal  of i nd i r ec t  evidence, the  blood supply of t he  brain i s  thereby impaired 
and t h i s  may, i n  turn, r e s u l t  i n  disturbances of t he  cen t r a l  nervous system. 
This means t h a t  a t  t he  present s tage i n  the conquest of space the grav i ta t iona l  
f ac to r  i s  a serious threa t ,  the  elimination of which requires  the  use of spec ia l  
measures such as planned' training, de f in i t e  posi t ion of the cosmonaut's body i n  
r e l a t i o n  to t he  d i r ec t ion  of t h e  acceleration, e tc .  

According t o  a good 

It i s  reasonable t o  assume from the  foregoing t h a t  i n  forthcoming i n t e r -  
planetary f l i gh t s ,  when man W i l l  inevi tably have to cope with even greater  accel-  
erations,  i n  magnitude and duration, f l i g h t  routines will be determined not by 
the technical  capab i l i t i e s  of t he  spacecraft  or by puwer considerations,. but  by 
the physiological capabi l i t i es  of the cosmonaut who w i l l  have t o  r e t a i n  h i s  
f i t n e s s  during the  f l i g h t .  

Therefore, the  matters per ta ining t o  the  study of t h e  dynamics of the 
cerebral  blood volume during gravi ta t iona l  s t r e s ses  na tura l ly  cons t i tu te  one 
of the chapters i n  the  new s c i e n t i f i c  d i sc ip l ine  of space biology. The dynamics 
of the cerebral  blood volume during gravi ta t iona l  s t r e s ses  i s  of grea t  i n t e r e s t  
as the theo re t i ca l  basis of one of the possible  ways of increasing the res i s tance  
of man and animals t o  alkered gravi ta t iona l  f i e lds .  

S t u d y  of t h e  dynamics of the  cerebral  blood volume during gravi ta t iona l  
s t resses  has t o  be based on information concerning i t s  behavior under normal 
conditions. However, w e  do not know much about it. One of the  main and unique 
features  of t he  in t r ac ran ia l  blood c i rcu la t ion  i s  t h a t  changes therein take 
place i n  a closed space - the  bra in  case. It w a s  to be expected, therefore, 
t h a t  i n  the course of evolution spec ia l  mechanisms would be created to compen- 
s a t e  changes i n  the cerebral  blood volume. 

/11 

The compensation of changes i n  the blood volume of t he  closed c ran ia l  
cav i ty  has been the  subject of numerous fundamental s tudies  (Ecker, 1844; 
Richet, 1846; Quincke, 1872; Salathe, 1876; Blumenau, 1889; Nagel', 1889; 
Geigel, 1905; Becher, 1922; Ewig and Lullies,  1924; Sepp, 1927, Hurthle, 1927; 
O'Connel1, 1943; Ryder, 1952; Ryder and Espey, 1952; Ryder e t  al., 1952; 
Kedrov and Naumenko, 1954 ; Fzidman, 1957; Vasilevskiy and Namenko, 1959). 
These s tudies  suggest t h a t  changes i n  the cerebral  blood volume can theore t ica l ly  
be compensated i n  two ways: (1) by change i n  the cor re la t ion  of volumes of 
a r t e r i a l  and venous blood i n  the  c ran ia l  cavity, and ( 2 )  by movement of some 
CSF between the  cerebral  and sp ina l  cavities,  i .e.,  by change i n  the correla- 
t i o n  of the volumes of the  blood and CSF i n  the c ran ia l  cavity.  

However, t h e  d i f f i c u l t y  of studying the  in t r ac ran ia l  c i rcu la t ion  and the 
imperfect methods avai lable  have l e d  to major confl ic t ing in te rpre ta t ions  of 
t he  basic  phenomena. For example, the  question of pulsat ion i n  the  closed 
c ran ia l  cavi ty  i s  s t i l l  moot. 
clude Richet ( 1846) , Pirogov ( l864), Mosso ( 1881) , Nagel * ( 1889), Blumenau 

Those who believe t h a t  pulsat ion i s  present i n -  

4 



I 

( 1889), Grashey, 1892, Verigo ( 1905), Reznikova and Davidenkova ( l 9 l l ) ,  Sepp 
( 1928), Alov ( 1949), Kedrov and Naumenko ( 1954), Moskalenko ( 1961). 
of t h i s  view include Donders (1851), Leyden, 1886), Navalikhin (1874), Riser, 
1936), Forbes and Cobb (1938), Klosovskiy (1951), Sigward, 1954), Feruglio 
(1954), and Brain, 1957). Nor i s  there  any consensus on the d i rec t ion  i n  which 
the CSF moves i n  the  submeningeal spaces of t he  brain and sp ina l  cord. Some 
invest igators  ( H i l l ,  1896; Jacobi, 1923; Spirov, 1927; Gardner, 1944; Avtandilov, 
1956; Vasilevskiy and Naumenko, 1959; others) 
direction, but  an equal number (nacobi, 1900; Woolsey, 1915; Strecker, 1922; 
Ivanov, 1935; Shamburov, 1954; others) hold the opposite view. S t i l l  others 
(Falkenheim and Naunyn, 1887; Walter, 1910; Sachs e t  a l . ,  1930; others) are of 
the opinion t h a t  t he  CSF does not move a t  a l l  between the  c ran ia l  and sp ina l  
cav i t ies .  

Opponents 

think t h a t  it moves i n  a caudal 

These differences of opinion throw doubt on the  existence of compensatory 
movements of the  CSF between the c ran ia l  and sp ina l  cav i t ies  following changes 
i n  the  volume of c ran ia l  blood, i. e., on one of t he  p r inc ipa l  means of compensa- 
t i ng  changes i n  the blood volume of the closed c ran ia l  cavity.  

/12 

Equally debatable a re  the  r e s u l t s  of some biophysical s tudies  tha t  sought 
t o  show by theo re t i ca l  calculat ions t h a t  there  a re  mechanisms exis t ing t o  compens- 
a t e  changes i n  the  cerebral  blood volume. 
sharply c r i t i c i z e d  by Sepp (1928) who was himself l a t e r  c r i t i c i z e d  by Klosovskiy 
(1951). 
mechanisms are  s t i l l  f a r  from a solution. 

For example, Geigel (1905) was 

These examples c l ea r ly  show t h a t  the  d i f f i c u l t i e s  i n  studying these 

The foregoing l e d  us t o  take up the  subject.  I n  studying the  mechanisms 
governing the  compensation of changes i n  the  blood volume under normal conditions 
and during g rav i t a t iona l  s t r e s ses  we used the  method of electroplethysmography, 
which makes it possible  t o  judge the  dynamics of the  cerebral  blood volume d i r -  
ec t ly .  It i s  thus the  bes-t method t o  use i n  solving the  problem. 

On the bas i s  of the  da ta  t h a t  we obtained with the  help of electroplethysmo- 
graphy and other methods and from a c r i t i c a l  analysis of t he  experimental mater ia l  
of  other invest igators ,  we s h a l l  describe i n  t h i s  monograph the  basic  mechanisms 
responsible fo r  compensating changes i n  the blood volume of the  closed c ran ia l  
cavity.  I n  addi t ion t o  analyzing the  nature of the a c t i v i t y  of these mechanisms 
during compensation of per iodicf luc tua t ions  i n  the blood volume resu l t ing  from 
cardiac ac t iv i ty ,  resp i ra tory  movements, third-order waves, and vascular reactions 
.of t he  bra in  under normal conditions, including longi tudinal  grav i ta t iona l  .accel- 
erat ions of up t o  +1 g, we s h a l l  a l so  consider some aspects of the  ac t ive  and 
passive compensation of changes during gravi ta t iona l  s t r e s ses  of more than 1 g, 
such as l i v ing  organisms encounter i n  the  course of spacef l ight .  I n  order t o  
define concretely the  matters under &iscussion we s h a l l  examine the dynamics 
of t h e  cerebral  blood volume as a p a r t l y  i so l a t ed  system without going i n t o  the  
reasons f o r  t he  inflow or outflow of blood from the  b ra in  as a r e s u l t  of gravi ta-  
t i o n a l  s t resses .  



CHAPTER 1. EIXCTR0PL;ETHYSMOGRC METHOD OF INVESTIGATING 
THE INTRACRANIAL CIRCTJLATORY SYSTEM 

L3 The invest igat ion of t he  in t r ac ran ia l  c i rcu la tory  system i s  a complex, 
A la rge  number of methodological approaches t o  the methodological problem. 

invest igat ion of t h i s  system have been proposed over severa l  decades. However, 
most of t he  known methods of investigation, while making it possible  t o  observe 
the  individual aspects of the  cerebrovascular system ac t iv i ty ,  do not make it 
possible  t o  represent t he  operation of the  system as a whole and a l so  a re  l i m -  
i t e d  from the  standpoint of s e n s i t i v i t y  and response of recording.. The appli-  
cat ion of some of the methods i s  associated w i t h  subs t an t i a l  in jury  t o  the ex- 
perimental animals. 
of i n t r ac ran ia l  c i rcu la t ion  involves the estimation of recording er rors  in t ro-  
duced by a pa r t i cu la r  method. 
methods, which have become qui te  common i n  recent  years, a re  used i n  the  in-  
vestigation. A l l  these fac tors  a re  responsible f o r  a ce r t a in  mount of contra- 
d ic t ion  and occasional un re l i ab i l i t y  of co l lec ted  factual material, which serves 
as a basis  for ce r t a in  proposit ions concerning the physiology of i n t r ac ran ia l  
c i rculat ion.  

A grea t  deal  of complexity associated with the  invest igat ion 

This i s  p a r t i c u l a r l y  s ign i f icant  when indi rec t  

Thus, i n  carrying out spec i f ic  invest igat ions of cerebral  c i rcu la t ion  it 
i s  qui te  s ign i f icant  t o  se l ec t  a method which i s  pa r t i cu la r ly  su i ted  t o  the  
formulated problem w i t h  respect  t o  the p o s s i b i l i t y  of recording the necessary 
quantit ies,  sens i t iv i ty ,  frequency response, and e r ro r  magnitude. 

For these reasons the  present chapter i s  devoted t o  methodological problems. 
The purpose of t he  chapter is: a) t o  acquaint t h e  reader with modern methodolog- 
i c a l  approaches t o  the  study of i n t r ac ran ia l  c i rcu la t ion ;  t o  i l l u s t r a t e  the  
biophysical bas i s  and p o s s i b i l i t i e s  of the  method of i n t r ac ran ia l  e lectropleth-  
ysmography; b) t o  show t h a t i t s  appl icat ion i s  highly expedient i n  comparison 
with t h a t  of other methods f o r  the invest igat ion of mechanisms of the  compen- 
sa t ion  of blood volume changes i n  the  c ran ia l  cavi ty  under normal conditions 
and during increased gravity;  c) f ina l ly ,  t o  acquaint t he  reader with other meth- 
ods, recording equipment, and experimental techniques used by us i n  the inves t i -  
gat ion of i n t r ac ran ia l  c i rculat ion.  
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Section 1. Basic Methods of Invest igat ing the 
In t r ac ran ia l  Circulatory System and 

Criteria f o r  Their Evaluation 

Several  cr i ter ia  must be taken i n t o  account when w e  evaluate the  appli- 
c a b i l i t y  of a method t o  the  invest igat ion of ce r t a in  aspects of i n t r ac ran ia l  
c i rculat ion.  

F i r s t  of al l ,  such c r i t e r i a  include the informativeness of the  method, de- 
termined by the processes which can be recorded by means of a given method. 
Frequently it i s  easy t o  es tab l i sh  the informativeness of the  method but some- 
times, pa r t i cu la r ly  when ind i r ec t  methods a re  used, t he  associat ion of recorded 
quant i t ies  with processes i n  a cerebral  vascular system i s  not obvious. 
6 
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makes it difficult to establish the informativeness of a given method, thus 
making its application of doubtful expedience. The informativeness of a method 
is also determined by the nature of the recorded parameters, specifically by 
whether a quantitative analysis of the resulting data is possible. 

A comparison of the informativeness of a method with the problems to be 
investigated makes it possible to estimate the degree of information sufficiency 
when such information is obtained by means of a specific method. In some prob- 
lems of investigation, a given method may provide a sufficient volume of infor- 
mation while in other problems the data obtained by means of a specific method 
must be supplemented with data obtained through other methods .. 

The reliability of information obtained by a particular method of investi- 
gation is highly significant and is determined by the nature and magnitude of 
errors inherent in a given method. The errors in the methods for investigating 
intracranial circulation may be divided into three groups. 

1. Errors  produced by the experimental conditions acting on the process 
under investigation (injury to the experimental animal caused by the installa- 
tion of various sensors, the action of physical and chemical agents used in the 
investigation, etc.). These errors can be reduced to a minimum value with the 
aid of special investigations directed toward the search for conditions under 
which the action of these factors is reduced to the threshold value. 

2.  Errors produced by the action of processes on the recorded indicators 
when such processes are not associated with changes in the circulation in the 
region under investigation. This form of error inherent in the indirect methods 
of investigation is most difficult to take into account. The only radical ap- 
proach for taking them into account and minimizing them is a strict physical 
and physiological analysis of the theoretical basis for a method. 
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3. Errors occurring during the recording of various indicators and the 
processing of measurement results or of the grapnic recording, instrument errors. 
These errors can be taken into account by means of special statistical methods 
for processing the results of the experiment. 

The localization of the investigated region is very important when studying 
the individual vascular reservoirs associated with the intracranial circulatory 
system. From this standpoint, the importance of a method is determined by the 
possibility of determining most accurately the boundaries associated with the 
investigated region of the cerebral vascular system. In evaluating the possi- 
bility of studying local changes in circulation, it should be noted that some 
of the known methods of investigation make it possible to localize the investi- 
gated region geometrically, i.e., they make it possible to record the overall 
dynamics of circulation as a sum of all such processes in all vessels of a cer- 
ebral region whose boundaries are known. However, other methods make it possi- 
ble to localize regions functionally, i.e., to observe a specific branch ( o r  
its part) of the cerebral vascular system. 

The recording response plays a large role in the investigation of processes 
within the intracranial circulatory system. This response is determined by the 

7 



I 

minimum and the  maximum r a t e  of the  process capable of being recorded by means 
of a pa r t i cu la r  method. The response of a method i s  conveniently expressed as 
the  frequency range ( i n  Hz) over which the  recording of the  changing processes 
i s  car r ied  out without d i s tor t ion .  I n  t h i s  connection it should be noted t h a t  
t he  maximum r a t e s  of change for processes i n  the  vascular system ( t h e  harmonics 
of ce r t a in  forms of pulse osc i l la t ions)  correspond t o  frequencies up t o  100 Hz, 
while the minimum process rates are  c lose t o  0 Hz. 

Making use of these  c r i t e r i a ,  we shall  fur ther  consider the  basic  methods 
used t o  study the  physiology of i n t r ac ran ia l  c i r cu la t ion  t o  show tha t  t he  
method of i n t r a c r a n i a l  electroplethysmography se lec ted  by us i s  most su i t ab le  
f o r  invest igat ing the  mechanisms of compensation of blood volume changes i n  the  
c ran ia l  cavity. 

Methods f o r  l o c a l  inves t iga t ion  of the  cerebral  vascular system. 

Methods f o r  l o c a l  invest igat ion of the  i n t r a c r a n i a l  c i rculatory system are  
of grea t  i n t e r e s t  because they give information on changes i n  the  hemodynamic 
indicators  f o r  individual  regions of the  cerebra l  vascular system. However, 
the  appl icat ion of t he  majority of known methods t o  l o c a l  invest igat ion i s  ac- 
companied by a disrupt ion i n  the  i n t e g r i t y  of t he  c ran ia l  cavi ty  and by a sub- 
s t a n t i a l  injury t o  the animal, which l imi t s  t h e i r  application. 
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Several methods are current ly  used for l o c a l  invest igat ion of cerebral  
c i rculat ion.  Direct  observation of cerebral  blood vessels  through a t rans-  
parent window which replaces part of the  c ran ia l  bone i s  one of the most common 
methods. Other common methods involve the  use of roentgenoscopy with the in-  
troduction of substances i n t o  the  blood which of fer  contrast  t o  X-rays; and the  
recording of blood pressure and cerebrospinal f l u i d  pressure i n  d i f fe ren t  p a r t s  
of t he  vascular system. A l l  these methods represent a d i r e c t  method of i nves t i -  
gation. Methods which make it possible  t o  record the  processes i n  the cerebral  
c i rculatory system ind i r ec t ly  are  thermography and the  e l e c t r i c a l  and magnetic 
recording of the  blood flow r a t e  i n  individual  vessels .  

The methods f o r  d i r ec t  observation of cerebral  blood vessels have long 
been known. The observation of cerebral  vessels through a transparent window 
i n  the  cranium, f i rs t  used by Donders, (1851) i s  s t i l l  used successfully 
(Wolff, 1936; Alov, 1950; Klosovskiy, 1951; Mchedlishvili, 1959, 1962, Rosen- 
blwn and Lweifach, 1963 and others) and makes it possible  t o  obtain a grea t  
deal  of useful  data. Modern microscopic techniques and mass microphotography 
have made t h i s  method su f f i c i en t ly  accurate and responsive. I t s  informative- 
ness i s  qui te  obvious. This i s  s t i l l  the  only method which makes it possible  
t o  v isua l ize  the  s t a t e  of blood flow i n  surface cerebral  vessels independently 
of t h e i r  diameter. 

The d i r ec t  observation of cerebral  blood vessels  through a transparent 
window i n  the cranium i s  l imi ted  t o  surface cerebral  vessels .  This method can- 
not be considered t o  be su f f i c i en t ly  sens i t ive  t o  resolve cer ta in  problems 
associated with in t r ac ran ia l  hemodynamics. I n  par t icu lar ,  it does not make it 
possible  t o  detect  pu lsa t ion  i n  a closed c ran ia l  cav i ty  which, however, can be 
recorded by other methods. 
8 
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Another method which permits the  d i r ec t  observation of cerebral  vessels 
i s  angiography. This method makes it possible t o  v isua l ize  the  blood flow i n  
large cerebral  a r t e r i e s  by means of roentgenoscopy a f t e r  a substance providing 
fo r  X-ray contrast  i s  introduced i n t o  one of the  a r t e r i e s .  Angiography makes 
it possible to measure, although with low accuracy, the  diameter of large cere- 
b r a l  a r t e r i e s  and the  r a t e  of blood flow therein.  I n  t h i s  technique sequential  
photography i s  used t o  observe the  transport ,  by the blood flow, of X-ray con- 
t r a s t  materials.  
pulsat ion of cerebral  a r t e r i e s  i n  a closed c ran ia l  cavity.  

De l a  Torre e t  al. (1959) used t h i s  method t o  observe the  

A s ign i f icant  advantage of angiography i s  t h a t  it makes it possible to 117 
carry out observations on hmans. Angiography i n  conjunction with photography, 
whose r a t e  may be brought up t o  24 frames per second through the  use of con- 
t r a s t  amplifiers, has been responsible f o r  extensive da ta  which have been ob- 
ta ined on the sequence of blood flow i n  d i f fe ren t  pa r t s  of t he  cerebral  vas- 
cular system, as wel l  as f o r  da ta  on the  anomalies i n  the  s t ruc ture  of the  
cerebral  vascular system i n  man and i n  large laboratory animals ( C u r t i s ,  1949; 
De l a  Torre e t  al .  1959; Gal 'perin,  1960; Grigorenko, 1960, and others) .  

The study of the  e f f ec t  of angiographic procedure on the  t e s t  subject 
(Greitz,  1956; Sugar, 1961, and others) has shown t h a t  the  substances offering 
contrast  to X-rays a re  s l i g h t l y  tox ic  and t h e i r  introduction in to  a blood ves- 
s e l  sometimes produces a change i n  i t s  tonus depending on in jec t ion  pressure 
and r a t e .  A l l  these factors ,  together with the  in su f f i c i en t  resolving power of 
angiography, represent the  bas ic  shortcoming of t h i s  method and l i m i t  its pos- 
s i b i l i t i e s .  

The recording of pressure i n  vessels supplying blood t o  the  cerebrum and 
i n  venous sinuses and cavi t ies  f i l l e d  with the  cerebrospinal f l u i d  (CSF), may 
be achieved by various manometer systems. Unt i l  recently, pressure measurements 
were t r ad i t i ona l ly  conducted with l i qu id - f i l l ed  U-tube manometers. 
of blood pressures i n  blood vessels obtained by means of mercury manometers are 
close to each other.  However, i n  most of the  investigations,  the  sca t t e r  of 
da ta  on the  CSF pressure and i t s  fluctuations under various conditions obtained 
by means of water manometers are  ra ther  wide. Thus, according t o  the  data of 
O'Connel (1943), the CSF pressure i n  the  lumbar c i s t e rna  of humans i s  equal t o  
400-500 mm of water, while according to the  data  of Becher (1922) it i s  equal 
t o  30-180 mm of water. 
plained by the f a c t  t h a t  when a manometer i s  hooked up it causes pressure 
changes i n  a system. 
the  following discussion. 

The values 

This discrepancy i n  measurement r e su l t s  may be ex- 

The l ikel ihood of t h i s  proposit ion becomes obvious from 

When a water manometer i s  connected t o  a system with volume Vo i n i t i a l l y  

f i l l e d  with a f l u i d  under pressure P determined by t h e  s t r e s ses  i n  the  e l a s t i c  
walls of the  system, p a r t  of the  f l u i d  which f i l l s  t h i s  system w i l l  be d is -  
placed i n t o  the  manometer. 
sure of the  l i qu id  column i n  the  manometer becomes equal t o  the  pressure i n  the  
system. 
crease and the  pressure i n  the  system w i l l  drop by an amount AP equal t o  

This displacement w i l l  take place u n t i l  t he  pres- 

As r e s u l t  of th i s ,  the  s t resses  i n  the  w a l l s  of the  system w i l l  de- 
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AP=aIn (1 -%), 
where S is the cross-section area of the manometer, n is the rise in the height 
of the liquid in the manometer, and cy is the coefficient of expansion of the 
walls of the system. Since the volume occupied by the CSF is small, it is 
quite clear that the release of the CSF into the manometer when the latter is 
connected may change the pressure in the cranial cavity to some degree and 
thereby introduce a source of error. A similar idea has been expressed in the 
work of Ugryumov et al. (1957). Consequently, the absolute numerical data ob- 
tained in some of the investigations may be incorrect. This conclusion also 
pertains to various modifications of the manometric method--cerebral oncometry 
(Badmayev, 1958) and cerebral plethysmography ( Amorov, 1957). 
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This shortcoming of the water manometers can be eliminated completely by 
using electromanometers. These are being used more and more in the investiga- 
tion of intracranial circulation. Electromanometers which are based on the use 
of tensiometric( Liberman, 1958; Antonov and others, 1961), mechanophotoelectric 
(Moskalenko, 1959) and variable inductance (Moskalenko, 1964) pressure trans- 
ducers, exhibit a high sensitivity, a flat frequency response in the range from 
0 to 150-200 Hz and a practically constant operating volume. Most recently, 
pressure sensors using semiconductor kensiometers have been more common. These 
are distinguished by small dimensions and high sensitivity. 

The use of the piezoelectric effect for the transformation of pressure os- 
cillations into electrical signals (Porye, 1946; Jacquet, 1951; Naumenko, 1957; 
Belekhova, 1958, 1959) makes it possible to design sensors for measuring the 
rate of pressure change which stresses the importance of phase relationships in 
recorders. However, this type of sensor does not make it possible to record 
processes which vary slowly. 

The errors which appear when pressures are recorded by means of electro- 
manometers are small and are due only to the instability of the recorders. It 
should be pointed out that in some works, for example in the monograph of 
Savitskiy 
sure generate larger errors than systems with mechanical recording of pressure 
due to distortions in the aurplifiers. This may have been true to a certain 
extent ten years ago, but in our times most of the electromanometer systems are 
at least as good as the mechanical systems in all respects. As a rule, electro- 
manometers give more accurate quantitative data on pressures in small cavities 
where the application of mechanical manometers is impossible. 

(1956), it is pointed out that electromanometers used to record pres- 

Recently sensors based on the piezoelectric effect, which can used to 
evaluate indirectly the state of cerebral blood vessels, have been described. 
One such method is based on the recording of pulsations when the sensor is 
placed on the eyeball (Umanskiy, 1957), while in another the sensor is placed 
on cephalic skin ( Pravdich-Neminskiy, 1950; Golland, 1960). Apparently data 
obtained with these two methods in some way reflect the state of the cerebro- 
vascular system. However, it appears to us that they cannot be used to draw 
any conclusions concerning processes in the cranial cavity because the 
10 
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r e l i a b i l i t y  of the  relat ionship between the  recorded pulsat ion and the  s t a t e  
of the  cerebral  vessels  i s  unknown. Consequently, it i s  very d i f f i c u l t  t o  
evaluate the  informativeness of such a method. 

Among the  ind i rec t  methods which are  successfully used i n  the  study of 
i n t r ac ran ia l  c i rcu la t ion  we should f i r s t  consider thermography. Versions of 
thermography are  used t o  invest igate  the  cerebral  c i rculatory system. 
f irst  of these makes it possible  t o  record the  r a t e  of flow i n  a r t e r i e s  which 
supply blood t o  the c ran ia l  cavity, while the  second makes it possible t o  re- 
cord the  blood-flow in t ens i ty  i n  the cerebral  regions. The thermographic re -  
cording of the  flaw r a t e  i n  large vessels, proposed by Rein (1928), i s  based 
on the  recording of heat t r ans fe r  by the  flow of moving blood. 
has been used t o  obtain valuable data  on changes i n  the  flow r a t e  i n  cerebral  
blood vessels  under d i f f e ren t  s t a t e s  (Keller, 1930, 1939; Schneider and 
Schneider, 1934; Gibbs e t  a l .  1934). I n  1963 Klimovitskiy applied t h i s  method 
t o  study the  spec ia l  features  associated with venous re turn  from the  cranium 
under the  act ion of accelerations.  The method of thermography gives only 
qua l i ta t ive  information on changes i n  flow r a t e  because the  biophysical anal- 
y s i s  of t h i s  method (Katz and Kolin, 1938; Wever e t  a l .  1956 and others) has 
shown t h a t  the  temperature d i s t r ibu t ion  i n  a moving blood stream i s  not uni-  
f Orm. 

The 

This method 

I n  1933 Gibbs modified the  thermographic method and adopted it f o r  record- 
ing changes i n  the  in t ens i ty  of cerebral  blood flow within bounded regions of 
the  cerebral  t i s sue  (Gibbs, 1933). I n  t h i s  case the temperature-sensitive 
element which i s  heated by an e l e c t r i c  current t o  a temperature which i s  one 
t o  two degrees greater  than the  temperature of the cerebrum i s  inser ted  i n t o  
i t s  t i s sue .  When the  heating power i s  constant the  outflow of heat from the  
temperature element depends on the  in tens i ty  of blood flow within the  cerebral  
region surrounding the  temperature element. Thus the  temperature f luctuat ions 
of the sensor are  proportional t o  the  change i n  the in t ens i ty  of the  blood flow 
within the t i s sues  which surround it. 

I n  recent years t h i s  method has been modernized by using highly sens i t ive  
semiconductor thermistors and by the  development of spec ia l  approaches t o  the  
introduction of temperature-sensitive and heating elements i n t o  the cerebral  
t i s sue  (Ludwigs, 1954; Blinova and Ryzhova, 1958, 1959, 1961; Parolla,  1959; 
Cooper, 1963, and o thers ) .  When da ta  obtained by means of thermography are  
analyzed it should be noted t h a t  the  recorded changes of the  t o t a l  blood flow 
in t ens i ty  i n  the  invest igated region of the  vessel  or  of the  cerebral  t i s sue  
do not y i e ld  well-defined data on the  direct ion of the  vascular reactions.  
Thus, f o r  example, a decrease i n  the  amount of heat car r ied  away from the  tem- 
perature element w i l l  be observed both i n  the  case when the  vessels cons t r ic t  
and when they undergo a sharp d i l a t ion  accompanied by stagnation phenomena. 
It should a l so  be noted t h a t  a subs tan t ia l  e r ror  can be introduced i n t o  the  
r e su l t s  by f luctuat ions of cerebral  t i s sue  temperature associated with the  
in t ens i ty  of t he  metabolic processes. One of the  merits of thermography i s  
the  f a c t  t h a t  it makes it possible t o  geometrically loca l ize  the  invest igated 
cer ebr a1 region. 
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The se lec t ion  of heater  temperature plays a major r o l e  i n  the  application 
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of thermography. On one hand it must be sufficiently high so that the temper- 
ature-sensitive element can record its maximum fluctuations while on the other 
hand the temperatureof the heating must be as low as possible because the local 
heating of a cerebral region may in itself induce a change in the intensity of 
blood flow. 

Suzuki and Motokawa (1965) proposed a new modification of the thermographic 
method which involves the heating of the thermistor by current impulses. 
has made it possible to increase the accuracy of the method and to decrease 
its thermal effect. 

This 

The work of Betz (1965), which describes a modified version of thermo- 
graphy, is of interest. In this version the errors introduced by changes in 
the temperature of cerebral tissue and in its heat capacity are taken into 
account. Betz has shown that a change in heat dissipation produced by changes 
in the intensity of blood flow takes place in the cerebral region which is re- 
leased by not more than 0.5 cm from the thermistor head and constitutes approx- 
imately ' 20 percent of the total heat removed. 

The method of thermography is sufficiently sensitive. However, due to the 
low thermal response of the thermistor, the pulse changes in blood flow in- 
tensity recorded by this method may be distorted. Such are the advantages and 
shortcoming of the thermographic method for the investigation of cerebral cir- 
culation intensity. 

In recent years electromagnetic methods for recording blood flow in intact 
vessels have been used. As is known,the blood flowing through a vessel has 
good electrical conductivity and represents a moving conductor which will gen- 
erate induction currents in the presence of a magnetic field. Using this prin- 
ciple, Witterer (1937), Katz and Kolin (1938) developed special devices called 
current meters. Denison et al. (1955) improved the measurement technique and 
made it possible to record blood flow in small-caliber arteries--particularly 
in cerebral vessels. 

The theoretical bases of this method which have only recently been devel- 
oped rigorously (Wyatt, 1961; Kinai, 1965, and others) have shown that the 
nonuniform distribution of the magnetic field applied to the vessel and the com- 
plex nature of blood flow in the vessels introduces a large error into the 
measurement results which is very difficult to take into account. Wyatt has 
shown that when a number of technical problem have been resolved, this method 
can be used with great accuracy for the contactless monitoring of flow rate. 

/21 

There is another method based on the peculiar electrical parameters of 
blood which is used to record the rate of blood flow. The principle behind 
this method consists of recording the changes in the electrical conductivity 
blood during its motion. 
recorded the pulse changes of flow rate in jugular veins. Investigations on 

By using this method, Kedrov and Naumenko (1954) 
of 

the theory of this phenomenon (Moskalenko and Naumenko, 1959b) have made it 
possible to establish the relationship between Linear blood flow velocity and 
relative variation in the electrical conductivity of blood. 
intact vessels, this method gives only qualitative data in view of the complex 
velocity distribution of blood flow along the cross section of the vessel. 

When applied to 
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Weiman and Ben-Yaakov ( 1965) applied photoplethysmography to record changes 
i n  the  blood volume of cerebral  surface regions. The theo re t i ca l  analysis of 
t h i s  method car r ied  out i n  the  Orlov monograph (1961) and i n  the  a r t i c l e  by 
Weiman and Ben-Yaakov shows t h a t  i n  pr inc ip le  t h i s  method can be used fo r  the  
quant i ta t ive estimation of blood volume changes i n  body regions. However, the  
question of i t s  app l i cab i l i t y  t o  the  recording of blood volume i n  surface cere- 
b r a l  regions i s  s t i l l  open. 

One of the methods which makes it  possible t o  obtain a ce r t a in  amount of 
information on the  s t a t e  of blood flow i n  cerebral  t i s sue  regions i s  the  method 
of electropolarography. This method gives some information on the  dynamics 
of oxygen tension i n  cerebral  t i s s u e  and i s  based on the  measurement of a PO- 
l a r i z ing  current between a point  electrode inser ted  i n t o  cerebral  t i s sue  and 
a s i l e n t  electrode. Special  investigations have shown t h a t  the  s t rength of cur- 
r en t  flowing between such electrodes,  when a voltage from 0.4 t o  0.9 vol t s  i s  
applied between them, i s  proportional to the  oyygen tension i n  the cerebral  t i s -  
sue region surrounding the  point  electrode (Eskina and Yakovlev, 1951; Snezhko, 
1956; Meyer and Hunter, 1957; Kovalenko, 1961, 1962; Cross and Silver,  1962; 
Cooper, 1963, and others) .  

Electropolarography, which provides f o r  an overa l l  evaluation of both cere- 
b r a l  t i s sue  blood volume as the  in t ens i ty  of metabolic processes, may y ie ld  
highly valuable information when used i n  conjunction with other methods. 

Methods f o r  general  evaluation of cerebral  c i rcu la t ion  

The known methods f o r  the  general  evaluation of t he  s t a t e  of i n t r ac ran ia l  /22 
c i rcu la t ion  d i f f e r  i n  a favorable manner from those considered i n  the  preceding 
sect ion by the  f a c t  t h a t  t h e i r  application make it possible  to keep the  c ran ia l  
cavity i n t a c t  because the  operations necessary t o  obtain the  desired information 
are  conducted through vessels which supply blood to and remove it from the  
cranium. For t h i s  reason methods of t h i s  type can be used to study cer ta in  prob- 
lems associated with the  physiology of i n t r ac ran ia l  c i rcu la t ion  i n  man and a l so  
for  the  diagnosis of ce r t a in  cerebrovascular system diseases.  

I n  recent years there  has been wide use of the  method proposed by Kety and 
Schmidt (1945) f o r  measuring the  volumetric cerebral  flow r a t e .  This method i s  
based on the  Fick pr inc ip le  and consists of determining the  arterioveneous d i f -  
ference i n  the  ni t rous oxide content of blood. The theory of t h i s  method devel- 
oped by the  above authors has made it possible  t o  carry out a quant i ta t ive eval- 
uation of volumetric flow r a t e  i n  the  cerebrum and has revealed the  basic  sources 
of e r rors  associated with t h i s  method. 

The Kety and Schmidt method has been the  f i r s t  t o  permit determining the  
absolute numerical values of cerebral  volumetric flow r a t e  i n  man and i n  la rge  
laboratory a n i m a l s  (monkeys, dogs, and ca t s ) .  Subsequently t h i s  method w a s  
improved i n  r e l a t ion  to t he  technique of taking blood from the  t e s t  subject 
(Scheinberg and Stead, 
has made it possible  to improve the  accuracy of the  measurements. 
response time of the  method s t i l l  remains slow and the  in t e rva l  between meas- 
urements amounts t o  several  minutes. The da ta  obtained by t h i s  method also 

1949; Bernsmeier and Siemons, 1953, and others),  which 
However, the  
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make it possible  t o  compute the  t o t &  peripheral  res i s tance  of cerebral  vessels  
as wel l  as the  oxygen consumption by cerebral  t i s sue .  

I n  recent  years a new method of cerebral  radiography based on , the  Kety- 
Schmidt method has been developed. 
t o  record similar indices, i s  f r e e  from the  various shortcomings of the  f i rs t  
method and therefore  subs tan t ia l ly  s implif ies  the  recording technique and i m -  
proves i t s  response t i m e .  

This technique, which has made it possible  

Cerebral radiography i s  achieved by sa tura t ing  the  'blood with radioactive 
nitrogen (krypton-85) instead of ni t rous oxide (Lassen and Munk, 1955; Lassen 
and Ingvar, 1961; Lassen, 1964) or by introducing substances i n t o  t h e  blood 
which contain radioact ive isotopes (Vasilevskiy and Naumenko, 1959; Eichorn, 
1959; Thompson, 1961; and others).  

The canbination of radiography with the Kety-Schmidt method ( Reinmuth, 
1965) has made it possible  t o  increase the  recording time of blood flow.up t o  
one measurement per minute and t o  simultaneously determine the  t o t a l  cerebral  
consumption of oxygen and glucose. 

/v 

On the  basis  of a la rge  amount of experimental work, Ingvar and Lassen 
(1965) evaluate the  radioact ive method as the  one most su i t ab le  f o r  inves t i -  
gating human cerebral  c i i  culation. 

The Kety-Schmidt method and i t s  modifications involving the  use of radio- 
ac t ive  isotopes have made it possible  to obtain valuable data on the  var ia t ion 
i n  the r e l a t i v e  cerebral  flow r a t e  during normal cerebral  oxygen consumption 
and on the  r e l a t i v e  per ipheral  res is tance of cerebral  vessels  with e r rors  not 
exceeding 3-5 percent. Vasilevskiy and Naumenko (1959), who introduced sub- 
s t a n t i a l  changes i n t o  the  method of radiography, used it t o  measure the volu- 
metr ic  flow r a t e  of CSF i n  the  system of cerebral  vent r ic les  and t o  measure the 
flow r a t e  through a system of cerebral  vessels .  

Another method of evaluating cerebral  c i rcu la t ion  i s  dynamography, which 
i s  based on the recording of the  v e r t i c a l  load act ing on regions of the human 
body. The var ia t ion  i n  t h i s  loadvary  with the blood volume i n  the inves t i -  
gated body region (Babskiy e t  a l .  1952). These invest igators  have shown t h a t  
i n  some t e s t s  (pa r t i cu la r ly  during high-level mental ac t iv i ty )  blood volume i s  
increased by 75-150 mL However, the  informativeness of t h i s  method i s  low 
because it i s  d i f f i c u l t  t o  d i f f e ren t i a t e  between the in t r ac ran ia l  and extra-  
c r an ia l  vascular reactions, and a l so  because it i s  d i f f i c u l t  t o  take i n t o  
account e r rors  caused by involuntary movements and changes i n  the  tone of the 
neck muscles. 

I n  recent years, e f f o r t s  have been made t o  study the  system of in t r a -  
c ran ia l  c i rcu la t ion  by using several  methods which i n  the pas t  have been used 
t o  study the  per ipheral  blood flow. For example, t h i s  i s  done by using a 
method i n  which the  d i lu t ion  of an indicator  introduced i n t o  the  blood i s  de- 
termined. The theoryof  t h i s  method had been developed by Cropp and Burton 
( 1966) * 
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Another new method for the overall evaluation of the activity of cerebro- 

vascular system is intracranial electroplethysmography , which is based on the 
recording of changes in electrical parameters between electrodes implanted in- 
to the cranial cavity. It is known that the different tissues of man and ani- 
mal have a different electrical conductivity and dielectric constant (table 1). 
There is a particularly large difference between the fluid 
ism (CSF, tissue fluid, blood, etc.) and the dense cellular tissues (muscle, 
nerve, bone, etc.). Therefore, any change in the amount of fluid in a particular 
region of the body or its organ is associated with changes in the electrical 
parameters. Thus, changes in the electrical parameters of a specific region of 
the body or its organ reflect fluctuations in the blood volume of associated 
vessels. 

1 /24 
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Electroplethysmography, introduced at the beginning of the 20th century 
by Cramer, was first used by Kedrov and Naumenko (1954) to study cerebral 
circulation in animals. In recent years this method has been used to carry out 
a substantial number of investigations on the study of intracranial circula- 
tion in animals and in man (Beer et al. 1956; Moskalenko and Naumenko, 1957, 
1958; Pratezi and Nuti, 1957; Antoshkina and Naumenko, 1960; Konovalova and 
others, 1961; Moskalenko and others, 1962, 1963, 1964a, 1964b, 1964~; Jenkner, 
1962; Seipel et al. 1964; Yarullin, 1965; and others). 
1- 

call it “impedance plethysmography, while Austrian investigators call it “rheo- 
graphy.” 
electrodes are placed on the skin in man, is called “rheoencephalography.” 
Certain investigators are trying to establish a difference between “rheography” 
and ”rheoplethysmography.” It appears to us that this diversity in the term- 
inology introduces a certain amount of confusion. Therefore, we retain the 
name given this method by Kedrov and Naumenko (1954), who used it to make the 
fundamental investigations . 

This method is known by other names. For instance, American investigators 

A modification of this method designed to record pulse waves when 



At present, the methodological basis for intracranial electroplethysmo- 
graphy is being developed in two directions. One of these trends consists of 
a study of blood volume dynamics regardless of the rate associated with the re- 
cord processes; the second direction, which has recently been called "rheoen- 
cephalography, " consists of recording only the periodic fluctuations in blood 
volume of the cranial cavity. Therefore, rheoencephalographs, which are pre- 
sently produced by several firms ("Gallileo, "Al'var" and others), record 
processes which have a lower frequency limit of 0.4 Hz. 

The advantage of modified electroplethysmography is that when the lower 
frequency of the spectrum is limited, it is possible to design instruments which /25 
can be used without constant adjustment, i.e., there is practically no limit to 
the duration of blood volume fluctuations which can be recorded. There is also 
a lesser effect on the results produced by the displacement of electrons during 
the motion of the test object, In several cases, in particular during prolonged 
experiments under conditions of a changedgravitational field, the special fea- 
tures of the method are of great significance. However, this modification of 
electroplethysmography makes it possible to exclusively record pulse waves with- 
out distortions. This situation substantially lowers the informativeness of 
the method, which would be higher if the frequency response of the device 
started with 0 Hz. 

The first trend in the development of intracranical electroplethysmography 
is free of this shortcoming. However, when electroplethysmogram ( EPGs) are 
recorded over arange Starting from0 Hz, errors are generated due to changes in 
the electrical parameters of living tissues which are not associated with the 
blood volume. This in turn limits the time for the continuous recording of the 
EPG. Thus, in recognizing the overall advantage of the first modification of 
electroplethysmography we should point out that in some investigations the see- 
ond modification of this method is more suitable. 

In summarizing the possibilities and limits of application of existing 
methods for the investigation of the intracranial circulatory system, we can see 
that each method in itself makes it possible to obtain data on only specific 
characteristics associated with the activity of the intracranial circulatory 
system. Such characteristics include: 1) the general or local intensity of 
cerebral flow, which is investigated by means of thermography and the analysis 
of gas contents, by the method of dilution and by electric and magnetic methods 
of measuring the flow rate in arteries supplying the brain with blood; 2) the 
tonus dynamics of individual vessels of the pia mater and of the regional cere- 
bral arteries, which can be investigated by direct observation including angio- 
graphy; 3) the dynamics of blood pressure inmajor arteries and in cerebral veins 
as well as the CSF pressure investigated by means of manometry; 4) the dynamics 
of cranial blood volume and of its individual components investigated by means 
of intercranial electroplethysmography, photoelectroplethysmography and to some 
extent by the isotope method. 

Thus, each of the above groups of methods has relatively narrow possibilities. 
Therefore, an important condition for obtaining results from specific investi- 
gations is the compatibility of the method (or of several complementary methods) 
with the problems which a specific investigation must solve. This requirement 
16 
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is not limited to investigation of the intracranial circulatory system. 
times, however, in view of the complexities associated with the investigation 
of this region of the vascular system, an incompatibility between the purpose 
of the investigation and the method leads to distortions and incorrect con- 
clusions. 

Some- 

It is obvious that the l a s t  group of methods is most suitable for solving 
the problem formulated in the present book--the study of the compensatory mech- 
anisms of changes in intracranial blood volume. Also, intracranial electro- 
plethysmography should be preferred as being the most informative and most 
accurate and having the best response time of this group. 

Intracranial electroplethysmography is one of a group of indirect methods 
for observing processes in the cerebral vascular system. This determines its 
advantages as well as its shortcomings. The basic shortcomings of electrople- 
thysmography are errors due to effects on electric parameters produced by sub- 
stances in the cranial cavity and by processes unassociated with changes in its 
blood volume. It is also difficult to analyze the results quantitatively, which 
subjects this method to criticism and inhibits its wide application in lab- 
oratory and clinical investigations. In this connection we will consider the 
theory of electroplethysmography in the next section; we will show its basic 
advantages and disadvantages and also clarify the optimum biophysical conditions 
necessaxy for recording intracranial EFGs when the errors inherent in this 
method are minimized. 

Section 2. The Theory Of Intracranial Electroplethysmography 

The relationship of fluctuations in the electrical parameters of body o r  
organ regions to the d,ynamics of their blood volume was established in the first 
investigations conducted with the aid of electroplethysmography (Mann, 1937 ; 
Kedrov, 1941; Nyboer, 1960)~ while investigations in recent years have shown the 
existence of a direct proportionality between changes in the electrical param- 
eters of human body regions and their blood volume (Schwan, 1956; Nyboer, 1960 
and others). 

Investigations carried out to clarify the optimum biophysical conditions 
for the recording of blood volume dynamics (Schwan, 1956; Moskalenko, 1961, 
1962b) have made it possible to establish the factors which determine the regions 
of the electromagnetic spectrum most suitable for recording EPGs of specific 
body regions and organs in man and animals. 

'There are other ractors in addition to the magnitude of differences be- 
tween the electrical parameters of blood and other tissues which affect the 
recording of EFGs. 
ferences in the electrical parameters of the blood and other tissues, the elec- 
trode-tissue interface ( electrical parameters of the epidermis) affects the EPG 
profile; at high recording frequencies, it is affected by the level of electrical 
field absorption in tissues as well as other factors. 
necessary to take into account the features of the biological effect of the 
electromagnetic field on the object. 

In low frequency ranges, aside from the magnitude of dif- 

In both cases it is 



When some of these f ac to r s  a re  taken i n t o  account it i s  more expedient t o  
record the EPG a t  low frequencies, while i f  other fac tors  a re  taken i n t o  account 
it i s  more advantageous t o  conduct the  recording a t  high frequencies. 

However, i f  the  e f f ec t  of all of these fac tors  i s  taken together, we con- 
clude t h a t  only a few regions of t he  electromagnetic spectrum a re  su i t ab le  f o r  
recording EPGs. 

The low frequency range (15-40 kHz) i s  most su i t ab le  f o r  recording EPGs 
when the  electrodes are placed d i r ec t ly  on the invest igated organ by-passing the  
epidermis. The recording of EPGs at  low frequencies i s  desirable  i n  acute and 
chronic experiments on animals and a l so  f o r  blood volume control  during cer ta in  
types of surgery on man. 

The range of medium frequencies (100-150 kHz) should be used t o  record 
EPGs of human body regions when electrodes are  placed on the  skin. 

The range of high rad io  frequencies (500-800 MHz) i s  used f o r  the  contact- 
l e s s  recording of changes i n  the  volume of d i f f e ren t  cardiac regions of man 
and i n  the  depth of r e sp i r a t ion  under c l i n i c a l  and laboratory conditions. 

The appl icat ion of high frequencies i n  the recording of EPGs presents sev- 
e r a l  de f in i t e  advantages making it possible  t o  record blood volume changes i n  
deep human organs by passing a focused beam of rad io  waves through the inves t i -  
gated region of the  body without making any contact with the  body. 

The advantages of the  high-frequency electrople.thysmography i n  the inves t i -  
gat ion of such organs as the hear t  and l i v e r  a r e  obvious enough (Moskalenko, 
1958), but the  question of t h e i r  advantages compared with t h a t  of low-frequency 
electroplethysmography i n  the study of the in t r ac ran ia l  c i rcu la tory  system s t i l l  
remains open. Therefore, we made almost no use of t h i s  modification of e lectro-  
plethysmography i n  the investigations considered i n  the  present monograph. 

The optimum frequency range f o r  recording EPGs i n  low-frequency ranges was 
established by comparing the averaged e l e c t r i c a l  parameters of two groups of 
objects such as blood o r  lymph and dense t i s sues  (muscles, nerves, e t c . ) .  There- 
fore, the established frequency range should a l so  be optimum when we use electro-  
plethysmography t o  study the in t r ac ran ia l  c i rcu la tory  system. However, the  re- 
cording of in t racran ia l  plethysmograms has a number of spec ia l  features  i n  con- 
t ras t  t o  the recording of EPGs of other body regions. The invest igat ions of 
Kedrov and Naumenko (1954) have shown tha t  the increase i n  the  blood volume of 
the c ran ia l  cavity i s  accompanied by a decrease r a the r  than an increase i n  i t s  
e l e c t r i c a l  conductivity, i . e . ,  the  change i n  e l e c t r i c a l  conductivity between 
electrodes implanted i n  the  cranium when the blood volume changes has a s ign 
opposite t h a t  i n  other  regions of the body and i n  other organs. 

The f luctuat ions i n  e l e c t r i c a l  conductivity between electrodes implanted 
bitemporally in to  the in t r ac ran ia l  cavity are  ra ther  s m a l l  and usual ly  do not 
exceed 1.5-2.5 percent of the  mean impedance between the electrodes.  
I n  addition, the e l e c t r i c a l  conductivity of the c ran ia l  cavity, which w a s  re-  
corded by Kedrov and Naumenko (1954) a t  a frequency of approximately 300 kHz, 
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brain.  This f l u i d  has good e l e c t r i c a l  conductivity and serves as the  main 
conductor of e l e c t r i c  current .  

The role  of CSF as the  main conductor of e l e c t r i c a l  current i n  the  c ran ia l  
cavi ty  i s  confirmed by the  d i s t r ibu t ion  of the  e l e c t r i c  f i e l d  between electrodes 
implanted i n t o  the  in t r ac ran ia l  cavity. These d is t r ibu t ions  show t h a t  the cur- 
r en t  density i n  spaces f i l l e d  with the CSF i s  subs tan t ia l ly  greater  than i n  the  
remaining regions of the c ran ia l  c a e t y  (Moskalenko and Naumenko, 1956). 
i s  a l so  confirmed by measurement of d i e l e c t r i c  losses  ( t an  6 )  between electrodes 
introduced i n t o  the in t r ac ran ia l  cavity ( f i g .  2) .  
collaboration with T. T. Filanovskiy, the value of tan  6 i n  t h i s  case i s  ra ther  
large and subs tan t ia l ly  i n  excess of t an  6 fo r  other organism t i s sues  such as 
muscles (Aladzhalova and Maslov, 1957 ; Barbashova and Moskalenko, 1961; 
Filanovskaya, 1966). This f a c t  shows t h a t  the main conductor of e l e c t r i c a l  
current i n  the  c ren ia l  cavity i s  a homogeneous ion ic  conductor ra ther  than 
ce l lu l a r  s t ruc tures .  The CSF i s  such a conductor. It i s  in t e re s t ing  t o  note 
t h a t  the maximum value of t an  6 f o r  the in t r ac ran ia l  cavity i s  obtained a t  f r e -  
quencies of 20-40 kHz. This means t h a t  the  optimum bio logica l  conditions f o r  
the propagation of the e l e c t r i c  f i e l d  i n  spaces f i l l e d  with the CSF occur i n  
t h i s  frequency range. 

This 

Indeed, as we have shown i n  
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t an  6 

Figure 2. Variation i n  the d i e l e c t r i c  l o s s  
( t a n  6 )  function of frequency ( f )  
when the electrodes are  implanted i n t o  the  
c ran ia l  cavi ty  (l), and when placed on 
muscle t i s s u e  ( 2 ) .  Results of measurements 

L - _ _ - i -  made on a c a t  under conditions of acute ex- I, 
2 20 200 k d  periment. Ver t ica l  l i nes  represent the 95 

percent confidence in te rva ls .  

The f a c t  t h a t  the  frequency range of 20-40 kHz i s  the  optimum one f o r  re -  
cording in t r ac ran ia l  EPGs i s  confirmed by data  on the  amplitude of per iodic  
f luctuat ions i n  e l e c t r i c a l  conductivity between electrodes corresponding to the  
pulse var ia t ions i n  the  blood volume of the c ran ia l  cavity obtained a t  d i f f e ren t  
frequencies ( t a b l e  2) .  
e l e c t r i c a l  conductivity i s  observed a t  frequencies of 20-40 kHz. 

The maximum amplitude of pulse  f luctuat ions of the 

The maximum value of t a n  6 and the  maximum r e l a t i v e  amplitudes of pulse  
f luctuat ions i n  the e l e c t r i c a l  conductivity over the  frequency range from 20 
t o  40 kHz confirm our proposit ion t h a t  t h i s  range i s  a l so  the optimum one fo r  
recording EPGs of animals by implanting the electrodes i n t o  the c ran ia l  cavity. 
At the  same time, t he  conclusion i n  regard to the  key ro l e  of the CSF as the  
main e l e c t r i c  current  conductor i n  the  c ran ia l  cavi ty  makes it possible  t o  ex- 
p l a i n  the  occurrence of changes i n  the  e l e c t r i c a l  conductivity of t he  c ran ia l  
cavity which a re  of opposite d i rec t ion  and which a re  associated with the m a m i c s  
of i t s  blood volume. 
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Normally the volumes of blood i n  the  p i a l  vessels  and the  CSF which f i l l s  
t he  subarchnoid space of t he  cerebrum are  coupled. 
the  blood volume of t he  c ran ia l  cavi ty  w i l l  be accompanied by a decrease i n  the  
volume of the  CSF and consequently by a decrease i n  the  e l e c t r i c a l  conductivity 
between electrodes.  On the  other hand, when blood volume i s  decreased there  
w i l l  be an opposite change i n  the  e l e c t r i c a l  conductivity. This was observed 
by Kedrov and Naumenko as one of the  spec ia l  fea tures  associated with i n t r a -  
c r an ia l  electroplethysmography. Thus, the in t r ac ran ia l  EPG recorded by means 
of two bitemporal. electrodes implanted i n  the  c ran ia l  cavi ty  r e f l e c t s  primarily 
t h e  changes i n  the  blood 'volume of t he  p i a l  vessels.  However, since p a r t  of 
the  current passes through the  brain t issue,  the  f luc tua t ions  i n  the blood 
volume of i t s  deep sect ions a l so  a f f ec t  the recorded curve. 

Therefore, increase i n  

The spec ia l  fea tures  associated with the  propagation of e l e c t r i c a l  current 
i n  the c ran ia l  cavi ty  m a k e  it possible  f o r  us t o  develop a quant i ta t ive  r e -  
la t ionship  between changes i n  t h e  e l e c t r i c a l  conductivity of t he  c ran ia l  cavi ty  
and the  f luctuat ions i n  j.ts blood volume. Let us condi t ional ly  represent the cere- 
brum with i t s  surrounding membranes as a simple geometric model--a sphere w i t h  
a spec i f ic  e l e c t r i c a l  conductivity y and two shells whose e l e c t r i c a l  conductivi- 
t i e s  correspond t o  the  e l e c t r i c a l  conductivity of blood and of the CSF (y  and 

y,). We s h a l l  assume t h a t  the  e l e c t r i c a l  conductivity of the  c ran ia l  bones i s  

subs tan t ia l ly  less ,  i .e. ,  t h a t  the  model i s  surrounded by a d i e l ec t r i c .  I n  t h i s  
case, the relat ionship between changes i n  the  e l e c t z i c a l  conductivity of the  
c ran ia l  cavi ty  and l e v e l  of i t s  blood volume i s  reduced t o  the  establishment 
of a relat ionship for changes i n  the  e l e c t r i c a l  conductivity of the model when 
there  i s  a conjugate var ia t ion  i n  the  thickness of layers  with e l e c t r i c a l  con- 
duc t iv i t i e s  yB and yF. 
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I n  principle,  t h i s  problem can be solved exactly because it per ta ins  t o  
the boundary value problems of electrodynamics. Its solut ion may be obtained 
i n  the  form of s e r i e s  containing the eigenfunctions of t he  Laplace equation 

the  media. However, it i s  hardly expedient t o  carry out t he  associat'ed cumber- 
some calculations because such a model represents an oversimplification of the  
t r u e  phenomena. We shall therefore  l i m i t  ourselves to an approximate solut ion 
of this problem, assuming tha t  the  e l e c t r i c  f i e l d  i n  the  diametric cross sec- 
t i o n  of t h i s  model i s  uniformly dis t r ibuted.  This assumption i s  qui te  j u s t i f i ed ,  
a t  l e a s t  with respect to t he  two surface layers whose e l e c t r i c a l  conductivit ies 
a r e  close t o  each other and which carry a la rge  p a r t  of the  current. 

whose coeff ic ients  a r e  obtained by matching the  solut ions a t  the boundary of c 

I n  t h i s  case, i f  the  electrodes a re  placed a t  the  poles of the model, t he  
overal l  e l e c t r i c a l  conductivity of the model y which i s  establ ished by in t e -  
grating the  e l e c t r i c a l  conductivity of the elementary volume of the modelsystem 
of spherical  coordinates, can be represented i n  the form 

,, - - ( 1) , - 3 .  (.~cI?ci-.;BHB+.(FRF)' 

where yc, yB, yF are  the spec i f ic  e l e c t r i c a l  conduct ivi t ies  of the cerebral  

t i s sues ,  blood and CSF respectively; RC, %, % are  the distances of the  layers '  

boundaries Tram the  center of the model. 

During the  conjugate var ia t ion  i n  the thicknesses of layers with e l e c t r i c a l  

B conductivit ies y 

duct iv i ty  of  the model w i l l  be equal t o  

and yF by an amount AR, the var ia t ion  i n  the  e l e c t r i c a l  con- 

Having establ ished the  volumes of layers  with d i f f e ren t  e l e c t r i c a l  con- 
duc t iv i t ies ,  it i s  easy to use equation ( 2 )  and obtain an expression fo r  the  
r e l a t i v e  change i n  the volume of a layer with e l e c t r i c a l  conductivity yB or yF 

& 

where A, B, C are  constants which depend on the  geometry of the  c ran ia l  cavi ty  
while R i s  the i n t e r n a l  radius of the  c ran ia l  cavity.  

0 
Proceeding from data  on the  spec i f ic  e l e c t r i c a l  conductivity of blood, 

CSF, 

re la t ionship  

and cerebral  t i s sues  as well  as from the  geometry of the  c ran ia l  cavity, 

f [%) may be represented by a curve, as shown i n  f igure  3 .  
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Figure 3. 
of blood volume (AV/V) as a f’unction of the  
c ran ia l  cavity e l e c t r i c a l  conductivity 
changes (Ay/y). Calculated data. 

Variation i n  the  r e l a t i v e  changes 

l ~~ d r  
0 0.5 7.0 1.5% r 

This curve shows t h a t  the  r e l a t i v e  changes i n  the  e l e c t r i c a l  conductivity 
of the c ran ia l  cavi ty  and i n  i t s  blood volume a re  d i r e c t l y  proportional t o  
each other over w i d e  l imits of blood volume changes i n  the  c ran ia l  cavity. 
i s  wel l  confirmed by experimental data  which were obtained during s tudies  on 
changes i n  blood volume of the  c ran ia l  cavity under the  act ion of longi tudinal  
grav i ta t iona l  s t r e s ses .  I n  these experiments the  var ia t ion  i n  the  blood volume 
of the  c ran ia l  cavi ty  as a function of the in t ens i ty  of the  s t r e s s  was obtained 
by in t racran ia l  electroplethysmography and was i n  good agreement with computed 
r e su l t s  (Moskalenko and others, 1964b). 

This 

Although we made several  assumptions i n  the computation process, the  good 
agreement of measurement r e su l t s  with computed da ta  indicates  t h a t  the curve 
i n  f igure  3 can be used t o  i l l u s t r a t e  the r e l a t i v e  changes i n  the  blood volume 
of the c ran ia l  cavi ty  based on the  r e l a t ive  changes i n  the  e l e c t r i c a l  conducti- 
v i t y  between electrodes.  It should be pointed out t h a t  t h i s  i s  possible only 
when the electrodes a r e  su f f i c i en t ly  removed from each other ( f o r  example, if they 
a re  placed i n  d i f f e ren t  hemispheres) and t h e i r  pos i t ion  i n  the c ran ia l  cross- 
sect ion containing them i s  close to diametric. 

Thus the re la t ionship  shown i n  f igure  3 opens up p o s s i b i l i t i e s  fo r  a quan- & 
t i t a t i v e  analysis of t he  in t r ac ran ia l  EPG. Such an analysis can be achieved 
a f t e r  an experimentalverification and refinement of equation (3) .  

AV A The deviations i n  re la t ionship -f(2) from a l i nea r  one, when there  a re  v- Y 
great  changes i n  the blood volume of the c ran ia l  cavity, give a good explanation 
t o  the f a c t  noted by Kedrov and Naumenko (1954) t h a t  t he  maximum changes i n  
e l e c t r i c a l  conductivity of the c ran ia l  cavity a re  r e l a t i v e l y  s m a l l  and approach 
only 1.5-2.5 percent of t he  mean value of the e l e c t r i c a l  conductivity between 
the  electrodes. 

I n  the  preceding discussions we assumed t h a t  changes i n  the  e l e c t r i c a l  
conductivity of the  c ran ia l  cavity a re  induced en t i r e ly  by volumetric changes 
of the blood. However, subs tan t ia l  changes i n  the  l i nea r  veloci ty  of the  
blood flow are  observed i n  the in t racerebra l  vessels which according t o  the 
22 



data  of Kedrov and Naumenko (1954) m y  a l so  a f f ec t  the e l e c t r i c a l  conductivity 
between electrodes, because the  e l e c t r i c a l  conductivity of blood changes during 
i t s  motion. This phenomenon was establ ished by Sigman e t  al .  (1937). They 
establ ished t h a t  the e l e c t r i c a l  conductivity of c i rcu la t ing  blood i n  a vascular 
system increases with the  l i n e a r  ve loc i ty  of i t s  motion. Somewhat l a t e r ,  Week 
and Alexander (1939) a l so  observed t h e  var ia t ion  i n  the  e l e c t r i c a l  conductivity 
of the  blood column i n  the  ao r t a  of a rabbi t  when the  blood flow was suddenly 
stopped. 

A spec ia l  inves t iga t ion  of t h i s  phenomenon (Moskalenko and Naumenko, 1959b) 
has shown t h a t  the  e l e c t r i c a l  conductivity of blood varies,  on the  average, by 
2-5 percent of i t s  i n i t i a l  value when the  l i n e a r  ve loc i ty  i s  increased from 0 
t o  15 cm/sec. 
during i t s  motion i s  a f fec ted  by the  frequency of the  current used t o  carry 
out the  measurements ( f i g .  4) and by erythrocyte concentration i n  the  blood. 
Experiments conducted with ion ic  andcol lo ida lso lu t ions ,  with a suspension of 
erythrocytes, and a l so  with blood i n  which the  erythrocytes were agglutinated 
t o  various degree, have shown t h a t  t he  bas i s  fo r  the changes i n  e l e c t r i c a l  con- 
duc t iv i ty  of blood during i t s  motion i s  t he  o r ig in  of a convection current due 
t o  the or iented motion of erythrocytes, which carry a negative e l e c t r i c a l  charge 
on t h e i r  surface.  

The extent  t o  which the  e l e c t r i c a l  conductivity of blood changes 

5.0 - 
Figure 4. 
conductivity of blood (Ay/y) as a function 
of i t s  veloci ty  (v )  . 1. c i t r a t e d  blood a t  
a frequency of 10 Hz; 2. c i t r a t e d  blood 
a t  a frequency of 100 kHz. The v e r t i c a l  
l i nes  represent  the  95 percent confidence 
in te rva ls  . 

A var ia t ion  i n  the e l e c t r i c a l  

On the basis of these data  an expression w a s  obtained which associates the 
r e l a t i v e  change i n  the  e l e c t r i c a l  conductivity of blood and i t s  l i nea r  veloci ty:  

where yf i s  the e l e c t r i c a l  conductivity of blood a t  r e s t ,  measured with dc 

current ;  E i s  the  voltage between the  electrodes;  v i s  the  mem l inea r  velo- 
c i t y  of blood; CY i s  the  angle between t h e  vectors E and ? under the assumption 
t h a t  t he  e l e c t r i c a l  f i e l d  between the electrodes i s  l i n e a r ;  q and n represent 
the  concentration and charge of the  erythrocyte.  

Recently Liebman e t  a l .  (1962) have establ ished a re la t ionship  between the  
changes i n  e l e c t r i c a l  conductivity of blood and the  veloci ty  of i t s  motion, 
basing t h e i r  calculat ions on the  change i n  the  configuration of t he  e l e c t r i c a l  
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f i e l d  associated with erythrocytes during t h e i r  motion. This approach t o  the  
problem, while making the  calculations more complex, does somewhat improve the 
accuracy of the  f i n a l  expression compared with equation (6), par t i cu la r ly  i n  
the  case when high frequencies a re  used. 

The var ia t ions i n  the  cerebral  vascular blood flow r a t e  a re  caused by the  
same reasons as those which produce a change i n  the  blood volume. Measurements 
i n  v i t r o  at a frequency of 30 kHz and calculat ions ca r r i ed  out by means of 
equation (6) show t h a t  when t h e  blood flow rate changes from 0 t o  15 cm/sec the 
change i n  i t s  e l e c t r i c a l  conductivity i s  about 0.3 percent. I f  we take i n t o  
account the nature of current d i s t r ibu t ion  i n  the  i n t r a c r a n i a l  cavi ty  t h i s  
quantity becomes subs tan t ia l ly  smaller--no more than 0.5 percent;  nevertheless, 
even i n  t h i s  case it i s  of the same order of magnitude as the r e l a t i v e  var ia t ion 
i n  the  e l e c t r i c a l  conductivity of the c ran ia l  cav i ty  produced by f luctuat ions 
i n  the blood volume. Therefore, changes i n  the  vascular blood r a t e  a l s o  pro- 
duce noticeable changes i n  the e l e c t r i c a l  conductivity between electrodes i m -  
planted i n t o  the in t r ac ran ia l  cavity.  

The var ia t ions i n  the  e l e c t r i c a l  conductivity of t he  craniocerebral  cavi ty  
due t o  changes i n  blood volume and i n  the blood f l o w  r a t e  have d i f f e ren t  signs.  
Specif ical ly ,  i f  during cardiac sys to le  the a m o u t  of cerebra l  blood increases, 
thereby producing a decrease i n  the  e l e c t r i c a l  conductivity between electrodes, 
the  increase i n  the flow r a t e  of cerebral  vessels  simultaneously leads t o  an 
increase i n  the e l e c t r i c a l  conductivity between electrodes.  

Thus, i n t r ac ran ia l  electroplethysmography r e f l e c t s  comprehensively both /34 
the  changes i n  the flow r a t e  as well  as i n  the blood volume. 
we have the following expression 

I n  other words, 

The quant i t ies  b! vol  and b! m, as shown above, depend on the frequency 
Y Y 

used to record the  EPG. 
t he  var ia t ion  i n  t h i s  quant i ty  as a function of frequency used to carry out t he  
measurements. By representing the  var ia t ion  i n  these quant i t ies  and t h e i r  
r a t i o  as a function of frequency ( f i g .  5), we can see t h a t  i f  we do not con- 
s ider  the change i n  blood flow ve loc i ty  when carrying out measurements a t  low 
frequencies,' t he  e r ro r  which appears does not exceed 10 percent.  
hand, when measurements a re  made i n  the  range of medium frequencies the  e r ror  
reaches a value of 50 percent. It follows t h a t  it i s  expedient to use low- 
frequency currents t o  record the in t r ac ran ia l  EPG. I n  t h i s  case the  magnitude 
of the  e r ror  due to changes i n  the  flow r a t e  w i l l  have a minimum value. 

It i s  therefore  important to follow the dynamics of 

On the  other 

Obviously,' t h i s  conclusion i s  va l id  f o r  the  case when t h e  electrodes are 
introduced d i r ec t ly  i n t o  the  c ran ia l  cavi ty  before coming i n  contact with the 
dura mater. This can be achieved under conditions of acute and chronic ex- 
periments on animals. This case must a l so  be considered when performing inves- 
t iga t ions  on humans with electrodes implanted i n  the  c ran ia l  cavi ty  fo r  t he  
purpose of t r ea t ing  ce r t a in  diseases (Crow e t  al., 1961). 
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Figure 5 .  Variation i n  the  e l e c t r i c a l  conductivity 
of the  c ran ia l  cavity during a change i n  the  blood 

volume (& vol) and during a change i n  the  cerebro- 

vascular flow r a t e  (b mat) and the var ia t ion  i n  the  

r a t i o  of these quant i t ies  as a function of frequency 

( f ) .  l-& vol  due to volumetric change; 2 - 2  m due to 
Y Y 

Y 

Y 

A 

veloc i ty  change; 3 - h  v o I / h  m. 
Y Y 

Low-frequency electroplethysmography can be used to study cer ta in  prob- 
lems of i n t r ac ran ia l  c i rculatory physiology i n  d i f f e ren t  c lasses  of ver tebrates .  
I n  order t h a t  the r e s u l t s  obtained i n  experiments on animals of d i f f e ren t  s i z e  
be comparable, it i s  important to maintain the  same e l e c t r i c  f i e l d  d i s t r ibu t ion  
i n  the  c ran ia l  cavity. This can be achieved by properly select ing the  dimen- 
sions of electrodes implanted i n t o  the c ran ia l  cavity:  experiments have shown 
t h a t  t he  maximum permissible diameter of disk electrodes must be not l e s s  than 
15-20 times l e s s  than the  in t e rna l  perimeter of the  c ran ia l  cavity t ransverse 
sect ion i n  which the  electrodes a re  implanted. The m i n i "  diameter of electrodes 
i s  determined by the  polar iza t ion  phenomena whose r o l e  increases as the elec-  
trode area i s  decreased. 

When analyzing the in t r ac ran ia l  EFGs obtained i n  experiments on cold-blooded 
animals, it should be noted tha t  the  free- ion content i n  the  blood of these 
animals i s  l e s s  than i n  the  blood of m m a l s .  This means t h a t  the r e l a t i v e  
changes i n  the  e l e c t r i c a l  bonductivity of the c ran ia l  cavity i n  cold-blooded 
animals compared with those of mammals  w i l l  be greater  fo r  i den t i ca l  r e l a t i v e  
changes i n  the  blood volume. It should a l so  be noted t h a t  the  r e l a t i v e  volume 
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of the  CSF i n  the  c ran ia l  cavi ty  of various a n i m a l s  i s  not the  same and i n  
some animals, f o r  example i n  birds, the  CSF i s  completely absent. This s i t ua t ion  
a f fec ts  not only the  magnitude but a l so  the  s ign of changes i n  e l e c t r i c a l  con- 
duc t iv i ty  between electrodes.  

The modification of i n t r ac ran ia l  electroplethysmography considered above, 
which uses electrodes implanted i n t o  the c ran ia l  cavi-ty, i s  not the  only pos- 
s i b l e  means of invest igat ing the  in t r ac ran ia l  c i rcu la tory  system with t h i s  
method. 
EPGs i n  man was accomplished by placing electrodes on the  skin of the  head. 

Many invest igat ions a re  known i n  which the  recording of the  in t r ac ran ia l  

A number of authors (Donzelot e t  al . ,  1951; Beer e t  al., 1956; Eninya, 1962, 
1965; others) placed electrodes on the temples of the  subjects i n  order t o  record 
the pulse f luctuat ions i n  the c ran ia l  cavity.  These invest igators  thought t h a t  
an ac current of su f f i c i en t ly  high frequency would pass without hindrance through 
the  c ran ia l  bones. However, these authors do not present any evidence t o  support 
t h e i r  reasoning. 
e t  a l . ,  1961; Jenkner, 1962; Seipel  e t  a l .  1964; others) i n  which pulse fluctua- 
t ions  i n  the human in t r ac ran ia l  EPG were recorded by placing the electrodes near fi 
the  natural  openings i n  the  cranium or i n  those places where the bone i s  l e a s t  
thick.  

Some studies  have been published i n  recent years (Konovalova 

The biophysical phenomena which occw when the  electrodes fo r  the  record- 
ing of EPGs a re  placed on the skin of the  head can be simulated by a simple 
equivalent scheme i n  which the  electrodes a re  represented by a condenser con- 
ta in ing  a s t r a t i f i e d  d i e l e c t r i c  between the  p la tes .  When the  e l e c t r i c a l  param- 
e t e r s  of any layer  of t h i s  d i e l e c t r i c  change, there  i s  a change i n  the  capacity 
and i n  the Q (qua l i t y  fac tor )  of the  condenser formed by the  electrodes placed 
on the  skin of the head. 

Roughly speaking, we can dis t inguish four layers  i n  the  d i e l ec t r i c  material  
contained between the  electrodes;  they correspond t o  the  epidermis, the  sub- 
cutaneous ce l lu la r  t issue,  the cranium, and the  subarachnoid space f i l l e d  with 
CSF. 

These layers  a re  arranged i n  a concentric manner around the  cent ra l  p a r t  
Some of these of the d ie lec t r ic ,  which consis ts  of the brain t i s s u e  ( f i g .  6). 

layers  a re  good conductors of e l e c t r i c a l  current while others a re  poor conductors. 
The equivalent c i r c u i t  f o r  t h i s  model i s  shown i n  f igure  7. 

/37 The capacitances of the end c e l l s  Cm are  f l a t  condensers formed 

by the  electrode and the  subcutaneouscellular t i s sues .  
of these condensers i s  the  epidermis, whose shunt res i s tance  i s  represented by 

%. whose p la tes  

consis t  of the  ce l lu l a r  t i s s u e  and the  layer  of CSF contained i n  the subarach- 
noid space w i l e  the d i e l e c t r i c  i s  the c ran ia l  bone with a shunt res is tance 

RKC. The CSF, which has a la rge  but f i n i t e  conductance, may i n  turn be re- 

presented i n  the  form of a condenser C 
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The d i e l ec t r i c  mater ia l  

The second p a i r  of RC networks i s  formed bycapacitances C KL 

whose p l a t e s  a re  the  two hemispheres L 
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such t h a t  the  in t e rva l  between them i s  f i l l e d  w i t h  
s i s t i n g  of cerebral  t i s s u e  with a shunt res is tance 

? 

a d i e l e c t r i c  material  con- 

%. 

Figure 6. 
between electrodes when these are  placed on the 
skin of a man's head. 1. skin; 2. ce l lu l a r  t i s -  
sue; 3 .  bone; 4. space f i l l e d w i t h  CSF; 5 .  cere- 
brum; 6. electrodes.  

Schematic representation of t i s sues  

This equivalent c i r c u i t  can be reduced t o  a simple RC c e l l  w i t h  param- 
e t e r s  C and R by converting the p a r a l l e l  shunting resis tances  in to  se r i e s  

resistances andthen adding the  resis tances  and capacitance connected i n  t h i s  
manner. 

eq eq 

By assigning to t he  parameters of the  c i r c u i t  equivalent increments which 

for the  same r e l a t i v e  changes i n  the  blood volume of extra  -and in t r ac ran ia l  
simulate theext ra -  and in t racerebra l  vessels, we can compare the  changes i n  
C 

vessels ; 

,@ eq 

Here AC' i s  the  vaziat ion i n  C due t o  deviations i n  C 

extracranial  fac tors  while AC" i s  the  var ia t ion  due to t he  deviations i n  C 

or due t o  the in t r ac ran ia l  fac tor .  

and CKL or i n  the  

L 

eq eq KK 

eq 
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Figure 7. A n  equivalent c i r c u i t  f o r  the  one 
formed when electrodes are  placed on the  sk in  
of ?.he head. R and C a re  the  res i s tance  K KK 

and capacity of the  epidermis; pXc and C 

t he  same f o r  t he  c ran ia l  bone; % and CL a r e  the 

same f o r  the  c ran ia l  cavi ty  matter; i s  the r e -  

s i s tance  of p i a  m a t e r  surrounding the  cranium; 
RI; i s  the  surface skin resis tance.  

a re  KL 

Since the  p r inc ip l e  of recording changes i n  C by means of  devices opera- 
eq 

t i n g  a t  high frequencies (Donzelot e t  al., 1951; Beer e t  al., 1956) consis ts  
of recording the resonant frequency of the  osc i l l a to ry  c i r c u i t  containing the 
subject, the  r a t i o  of frequency changes i n  t h i s  c i r c u i t  due t o  deviations i n  
CKK and CKL on one hand and i n  CL on the  other w i l l  be equal t o  

Devices which u t i l i z e  the  bridge pr inciple  of measurement (Eninya, 1962, 
1965; and others) are a l s o  sens i t i ve  t o  f luctuat ions i n  R 

SZF? t h a t  the r a t i o  of changes i n  res i s tance  ARJ 

other w i l l  be grea te r  than unity. 

It i s  easy t o  

on one hand t o  AR" on the  
eq' 

eq eq 
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Thus, when recording the  in t r ac ran ia l  EPGs by means of electrodes placed 
on the  temples, the  e r ro r  due to the  same increment i n  the  blood volume of 
i n t r ac ran ia l  and ex t racran ia l  vessels i s  found t o  be of the order of 50-70 per- 
cent. When in t r ac ran ia l  EXs are  recorded by the bridge method, a t  lower f r e -  
quencies the p r inc ipa l  e r ror  w i l l  be due primarily t o  changes i n  R i n  which 
case the  t o t a l  value of the  e r ro r  w i l l  be of the same order. eq' 

These considerations show t h a t  the  main e r ror  i n  the  recording of intra- 
c ran ia l  EPGs i n  man i s  due t o  C and C whose d i e l e c t r i c  mater ia ls  a re  the 

epidermis and the c ran ia l  bones. We might be able t o  decrease the f i r s t  capacit- 
ances, t r ea t ing  the  skin with spec ia l  pastes  or by some other method, but we 
cannot control  the value of C 

s ider  other var ia t ions  i n  the  placement of electrodes on the human head where 
the e f fec t  of these capacitances can be decreased. 

KK KL' 

Therefore, it i s  of grea t  i n t e r e s t  t o  con- KL' 

One such version i s  the  placement of electrodes near the na tura l  openings 
i n  the  c ran ia l  bone. If one binary electrode i s  placed on the eyes of the  
t e s t  subject while the  second i s  placed i n  t h e  region of t he  foramen occ ip i ta le  
magnum ( f i g .  8), we eliminate or subs tan t ia l ly  reduce the  e f f e c t  of capacitances 
Cm and Cm on the quant i t ies  C and R because the  current  flows i n t o  the 

cavi ty  through na tura l  openings and a l so  the contact of one electrode i s  not 
with the  epidermis but  ra ther  with the  conjunctiva of the  eye, which has a 
higher e l e c t r i c a l  conductivity. With t h i s  electrode arrangement the  equivalent 
c i r c u i t  i s  subs tan t ia l ly  s implif ied because we can eliminate the  two 

eq eq 

hs 

- m' Act 
CKL and the C For t h i s  reason the r a t i o s  and # a re  subs tan t ia l ly  

KK' llReq eq 

decreased i n  value. It i s  easy t o  calculate  t ha t  i n  recording the EPG the  error  
produced by ex t racran ia l  vessels i s  10-15 percent i n  t h i s  case because the 
e l e c t r i c a l  current paths pass through the natural  openings i n  the cranium and 
the poor e l e c t r i c a l  conductivity of the c ran ia l  bones has almost no e f f ec t  on 
the EPG. 

Proof t h a t  our discussions concerning the  above method of improving the 
eff ic iency of i n t r ac ran ia l  electroplethysmography i n  man are  v a l i d  may be 
found i n  the  work of Gilyarovskiy e t  a l .  (1953), who used d i r ec t  measurements 
on rabbi t s  t o  show t h a t  the  maximum current density i n  ce reb ra l supe r i f i ca l  layers 
i s  observed when the  electrodes are  placed on the  eyes and on the  occiput of 
the  animal. Another proof of t h i s  was obtained by Agte (1966), who showed tha t  
with the oculo-occipital  pos i t ion  of the  electrodes the compression by a cuff 
of the cutaneous vessels of the head has no e f f e c t  on the  pulse waves of the EPG 
recorded. 

I n  another widely used method the  posit ioning of the  electrodes (Jenkner, 
1962; Se ipe l  e t  al., 1964; and others) i s  such t h a t  one of the  electrodes i s  
placed on the  eyes of t he  t e s t  subject while the other i s  placed a t  the 
mastoid, where the res i s tance  of the c ran ia l  bones has a minimum value. I n  t h i s  

29 



case t h e  e r rors  i n  recording the  in t r ac ran ia l  EPG will be somewhat grea te r  
but  s t i l l  acceptable. 
posi t ioning of the  electrodes the  changes i n  the  e l e c t r i c a l  conductivity between & 
them r e f l e c t  t he  pulse  changes, ch ie f ly  i n  the in t r ac ran ia l  blood volume. 
Thus, i n  pa t i en t s  who, according t o  angiographic observation, have an occlusion 
of one of the  in t e rna l  caro t id  a r te r ies ,  the  pulse waves of i n t r a c r a n i a l  EPG 
decrease subs tan t ia l ly  i n  amplitude when the  common caro t id  a r t e ry  on the  other 
s ide  of the  neck i s  oompressed. A t  the  same time the  squeezing o f ' t h e  common 

of the  EPG. 
blood volume i n  the  ex t racran ia l  vessels, t he  compression of the  common carot id  
a r t e ry  from e i the r  s ide  would have had the  same e f f ec t  on the dynamics of pulsa- 

with experiments on animals, where the electrodes were placed on the  skin cover 
of the  head. 

The work of Se ipe l  e t  al. presents  proof t h a t  with t h i s  

* carot id  a r t e r y  from t h e  s ide  of the  occlusion has no e f f ec t  on the  pulse  waves 
If the  recorded cwve had re f lec ted  t h e  pulse  f luctuat ions of 

. t ion.  The same r e s u l t s  have been obtained recent ly  by Collan and Namon (1965) 

Figure 8. 
e f f i c i e n t  method of placing electrodes f o r  the  
recording of i n t r ac ran ia l  EPG i n  man. The ar- 
rows show the  path of the e l e c t r i c a l  current.  

Schematic diagram showing the  most 

I n  any var ia t ion  of recording the in t r ac ran ia l  EPG i n  man, at l e a s t  one 
of the electrodes i s  placed on the  skin cover of the head. Therefore, the 
results of a recording are  a f fec ted  by changes i n  t h e  e lectr ical  conductivity 
of the  epidermis. An enormous amount of work has been performed i n  the  las t  
50 years t o  study the  res i s tance  of the  epidermis and i t s  var ia t ions under 
different  conditions. The res i s tance  of the  epidermis was s tudied when the 
method of galvanic skin r e f l e x  w a s  deve lqed  (Richter, 1929; Spiegel and Wohl, 
1935; Gorev, 1947), i n  the  study of sympathetic innervation (Albrecht, 1921; 
Regelsberger, 1930) and a l s o  under d i f fe ren t  physiological states--sleep, di- 
gestion, e tc .  (Zevine, 1930; Davydov, 1941; Ryvlina, 1941). The r o l e  of in-  
dividual  s t ruc tu ra l  formations i n  the  shaping of skin res i s tance  pa r t i cu la r ly  
of t he  sweat glands, has a l so  been s tudied (Yanusov, 1937; Mishchuk, 1948). 
The results of these invest igat ions show extreme l a b i l i t y  i n  the resis tance 
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of the. epidermis, whose var ia t ion  i n  a s e r i e s  of cases may serve as an indicat-  
ion of various pathological s t a t e s .  However, i n  electroplethysmography t h i s  
v a r i a b i l i t y  i n  the  skin resis tance may introduce a subs tan t ia l  error  i n t o  the  
observed . resu l t s .  

The application of spec ia l  methods t o  t r e a t  the skin, as shown 
by Vodolazskiy (1960), subs tan t ia l ly  reduces the  resis tance of i t s  epidermis 
but  s t i l l  t o  an insuf f ic ien t  degree. Therefore, when recording EPGs, i n  order 
t o  decrease the resis tance of thehornylayer  it i s  necessary t o  increase the 
operating frequency i n  addition t o  subjecting the sk in  t o  spec ia l  treatment. 
This frequency used t o  record the  EPG must be higher than t h a t  used when the  
electrodes are implanted i n t o  the  c ran ia l  cavity. I n  other words, the  record- 
ing must be made i n  the  range frm 100 t o  150 kHz which i s  the  one used t o  re -  
cord EPGs of other regions of the human body. 

It has been shown experimentally t h a t  an increase i n  the frequency t o  100- 
150 kHz, when recording an EPG, together with the  use of automatically wetted 
electrodes (Granat and Moskalenko, 1965), makes it possible t o  p rac t i ca l ly  e l i -  
minate the  e f f ec t  of changes i n  e l e c t r i c a l  parameters of t he  epidermis on the 
r e su l t s  of i n t r ac ran ia l  EPGs i n  man when electrodes are placed on the  skin of 
t he  head. 
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One other source of e r rors  occurring during the recording of  the  in t r a -  
c ran ia l  EPG i s  due t o  changes, unassociated w i t h  the  blood volume, i n  the e l e c t r i c a l  
parameters of organism t i ssues .  T h i s  includes changes i n  the  e lec t r ica lparam-  
e t e r s  of the cerebral  t i s sues  associated w i t h  the  processes of metabolism, the  
development of t h e i r  edema or dehydration when the  composition of the  blood of 
t he  CSF changes, etc.  Undoubtedly, a l l  these fac tors  must be considered when 
recording the  in t r ac ran ia l  EPG. 

I n  analyzing the  fac tors  which affect  our se lec t ion  of the  optimum elec- 
tromagnetic spectrum f o r  recording the EPG we mentioned polar izat ion phenomena. 

I n  the regions of the  electromagnetic spectrum selected by us, the  capa- 
citance component of t he  impedance between the  electrodes implanted i n t o  the 
c ran ia l  cavity i s  small and averages -1000 mmf when the electrode area i s  not 

l e s s  than 0.1 cm . 
between the electrode and the  t i s s u e a r e p r a c t i c a l l y  absent i n  t h i s  range of 
frequencies. This s i t ua t ion  removes a l l  l imitat ions i n  regard t o  the area of 
the electrodes and t o  the  metal f r o m  which they are  fabricated.  I n  select ing 
the design of the electrodes we should only ascer ta in  t h a t  t h e i r  introduction 
in to  the  c ran ia l  cavity produces minimum injury t o  the  t e s t  subject and t h a t  
the  metal i s  i n e r t  with respect t o  the surrounding medium. 

2 T h i s  means tha t  the  polar izat ion phenomena a t  the:n.terface 

When electrodes with an area l e s s  than 0.1 cm2 are  used, the  indicator 
of an increase i n  polar izat ion i s  the  increase i n  the capacit ive reactance 
between the electrodes or a decrease i n  t an  6. 



The maximum time f o r  t h e  continuous recording of i n t r a c r a n i a l  EFG i s  de- 
termined by two factors .  

I n  the f i r s t  place the t o t a l  impedance of t he  brain, as shown by the 
investigations of Aladzhalova (1954) i s  subject t o  continuous oscillati,pns 
associated with the processes of metabolism. 
i s  30-60 min. Thus, changes i n  the impedance of the cerebral  t i s sues  may also 
a f f e c t  the dynamics of the in t r ac ran ia l  EPG l e v e l  and may add up with changes 
produced by the dynamics of blood volume. I n  p rac t i ce  the changes of cerebral  
t i s s u e  impedance associated witn metabolism produce a constant d r k f t  i n  the 
EPG zero l e v e l  which becomes more pronounced as the time of continuous record- 
ing i s  extended. However, even w i t h  t he  presence of the d r i f t  background it i s  
s t i l l  possible t o  i s o l a t e  the measurements of the ineracranial  EFG l e v e l  pro- 
duced by the vascular reactions over a period of several  minutes (sometimes 
up t o  15-20 min.). 
i a t e d  with the ac t ion  of dc it i s  necessary t o  co l l ec t  enough information s o  
t h a t  a s t a t i s t i c a l  analysis can be made. 

The period of these osci l la t ions 

However, i n  order t o  e s t ab l i sh  the  special  features assoc- 

I n  the second place, the l e v e l  of the in t r ac ran ia l  EPG i s  substant ia l ly  
affected by the a r t i f a c t s  associated with the  motion of t he  animal and 
cular ly  with the displacement of the electrodes. 
paren t ly  takes p lace  when in t r ac ran ia l  EPGs are  recorded i n  man. A s  a rule, 
i n  t h i s  case it becomes necessary t o  in t e r rup t  t he  recording and t o  adjust  the 
equipment. The only way t o  eliminate these a r t i f a c t s  i s  t o  secure the elec- 
trodes and t o  make it  impossible for the  t e s t  subject t o  move when the EPG i s  
recorded. 

p a r t i -  
The l a t t e r  s i t ua t ion  ap- 

The b io logica l  action of t h e  e l e c t r i c a l  current which has passed through 
f l u i d  f i l l i n g  the c ran ia l  cavity i s  qui te  s ign i f i can t  when the  method of i n t r a -  
c r an ia l  electroplethysmography i s  applied. Proceeding from the general con- 
cepts concerning the mechanisms associated with the ac t ion  of the electro- 
magnetic f i e l d  on l i v ing  t issue,  we can say t h a t  i n  t h e  range of lower radio 
frequencies, which i s  optimum for  the recording of i n t r a c r a n i a l  EPGs, the bio- 
l og ica l  e f f ec t  may be due t o  the  stimulating action of ac current. Special 
experiments conducted t o  determine the threshold of s e n s i t i v i t y  i n  the t e s t  
subject a t  frequencies of 20-40 H z  when electrodes are  implanted i n  the  cranial  
cavity and a t  frequencies of 100-150 kHz when they are  placed on the  skin have 
shown t h a t  i n  the  f irst  case t h i s  threshold i s  7-10 V while i n  the  second it i s  
15-25 V. Therefore, t o  be ce r t a in  t h a t  the undesirable e f f ec t s  o f  t h i s  type 
a re  absent we used a voltage 3 t o  4 times l e s s  than t h e  threshold values when 
recording the in t r ac ran ia l  EPG. 
trodes i n  various experiments d id  not vary by more than a f ac to r  02 2, we can 
s t a t e  with assurance t h a t  the current strength with these po ten t i a l  differences 
did not exceed the threshold value. 

Inasmuch as the t o t a l  impedance between elec- 

The data presented show t h a t  the method of i n t r a c r a n i a l  electroplethysmo- 
graphy may be used successfully t o  record the dynamics of the c ran ia l  cavity 
blood volume both by implanting electrodes i n t o  t h e  c ran ia l  cavity and by 
placing them on the  skin cover of the head. 

32 



I 

The method of electroplethysmography provides an almost instantaneous 
response and makes it possible  t o  record both the  slow changes i n  the  blood 
volume of the  c ran ia l  cavity (within cer ta in  limits) and very rapid changes, 
i . e . ,  i n t r ac ran ia l  electroplethysmography has a low time constant. The re la t ion-  
ship between changes on the  EFG and changes i n  the  blood volume of the  c ran ia l  
cavity are  p rac t i ca l ly  l i nea r  over a wide range. 
t h i s  proposit ion i s  va l id  i n  the  case when the  sensing electrodes a re  su f f i c i en t ly  
removed from each other, fo r  example when they are  implanted bitemporally i n t o  
the  c ran ia l  cavity of t he  animal. I n  the case when the  electrodes a re  posit ion- 
ed on the  surface of the  cranium and are  close to each other, or are  introduced 
in to  the  cerebral  t issue,  the  changes i n  the  e l e c t r i c a l  conductivity between 
them w i l l  r e f l e c t  the blood volume dynamics of a ce r t a in  region of the i n t r a -  
c ran ia l  cavity where the  maximum density of the  e l e c t r i c a l  f i e l d  i s  localized. 
By moving the electrodes closer together, t h i s  region may be made qui te  s m a l l  
and t h i s  i n  turn  may be of i n t e r e s t  i n  cer ta in  investigations.  It i s  d i f f i c u l t  
t o  say whether i n  t h i s  case one w i l l  encounter t he  same relat ionships  which 
a re  va l id  f o r  two remote surface electrodes, but as shown experimentally (Kedrov 
and Naumenko, 1954; Antoshkina and Naumenko, 1960; Moskalenko e t  a l .  , 1 9 6 4 ~ ) ~  
the  EFG recorded by means of two close electrodes permits qua l i ta t ive  evaluation 
of the blood volume dynamics of individual cerebral  regions. 

A s  we noted above (page 22) 
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The recording of t he  in t r ac ran ia l  EPG en ta i l s  de f in i t e  errors  produced 
by the e f f ec t  of processes unassociated with the  dynamics of i t s  blood volume, 
on the e l e c t r i c a l  conductivity of c r an ia l  cavi ty  f lu ids .  However, when optimum 
conditions are  maintained f o r  recording the  in t r ac ran ia l  EX--optimum frequencies 
and voltage applied t o  the  electrodes, a l imited recording time or the  adjust-  
ment of the  equipment during a long experiment--then these e r rors  a re  not large.  
By l imi ta t ion  of the  frequency response of the  recorded processes, the  time 
during which a continuous recording of the  EPG can be made may be subs tan t ia l ly  
incre as ed. 

Electroplethysmography s a t i s f i e s  the  requirements f o r  measuring physio- 
log ica l  processes under conditions of a var iable  grav i ta t iona l  f i e l d  because it 
makes it possible  t o  monitor the t e s t  subject remotely by means of a comuni- 
cation l ink.  I n  t h i s  case the  equipment i n s t a l l e d  with the  t e s t  subject may 
be light-weight. It i s  therefore  not an accident t h a t  i n  a recent ly  published 
work by Akulinichev e t  a l .  (1964), electroplethysmography i s  c l a s s i f i ed  as one 
of the  promising methods i n  space physiology. 

All t h a t  has been sa id  above shows t h a t  i n t r ac ran ia l  electroplethysmography, 
i n  sp i t e  of i t s  de f in i t e  shortcomings, may be used successfully as the  bas ic  
method f o r  st,udying the  mechanisms of compensation f o r  changes i n  the  blood 
volume i n  the  c ran ia l  cavi ty  under normal conditions and increased gravi ta t ion.  
However, it should be pointed out t h a t  the  information on the dynamics of t he  
c ran ia l  cavity blood volume obtained by electroplethysmography i s  not always 
suf f ic ien t  t o  evaluate the  e n t i r e  complex of processes occurring i n  the  intra-  
c ran ia l  c i rculatory system under increased gravity.  This i s  so because i n t r a -  
c ran ia l  electroplethysmography r e f l e c t s  only one s ide of the  in t r ac ran ia l  hemo- 
circulation--the f luctuat ions i n  blood volume i n  the  c ran ia l  cavity.  
t h i s  method does not give us su f f i c i en t  information t o  es tab l i sh  the  reasons 
which produce changes i n  the  blood volume of the  c ran ia l  cavity. Information 

For example, /44 
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obtained by means of i n t r ac ran ia l  electroplethysmography i s  i t s e l f  insuf f ic ien t  
t o  evaluate the  in t ens i ty  of cerebral  blood flow or the  l e v e l  of the  blood 
supply t o  the  cerebrum. A l l  these factors  serve as a s igni f icant  shortcoming 
of this method. Therefore, i n  our investigations,  depending on the  spec i f ic  
purposes of the  experiments, we recorded several  other physiological indicators  
simultaneously with the  in t r ac ran ia l  E X .  

I n  many experiments addi t ional  information w a s  obtained by recording the  
in t racran ia l  pressure and blood pressure i n  the  a r t e r i a l  and venous systems of 
the  cerebrum. The dynamics of pressures i n  these systems r e f l e c t s  the forces 
responsible for changes i n  the blood volume of the  c ran ia l  cavity and conse- 
quently, s ign i f icant ly  augments the data obtained by means of i n t r ac ran ia l  elec- 
tr ople thysmogr aphy . 

Also, the  simultaneous recording of these processes i s  in te res t ing  f o r  other 
reasons. 
sure  of blood entering the  c ran ia l  cavity and of the  in t r ac ran ia l  EPG yields  
information on the  in t ens i ty  of 'the cerebral  blood f l aw.  
d id  not consider the  conditions of venous release from the  cranium, but t h i s  
can be corrected by simultaneously recording the  venous pressure or the  in t r a -  
c ran ia l  pressure associated with it. 

A s  shown by Landahl (1958), the  simultaneous recording of the  pres- 

It i s  t rue  t h a t  Landahl 

I n  some experiments we a l so  recorded oxygen tension i n  the cerebral  t i s sue  
(polarographic method) or some indicators for  the  s t a t e  of the cardiovascular 
system (EKG, systemic a r t e r i a l  pressure, cardiac contraction rate ,  EFG of ex- 
t remit ies  and of the  thorax, e t c . ) .  

Section 3 .  Recording Equipment and Invest igat ion Technique 

As we know, the  descr ipt ion of the experimental technique i s  in te res t ing  
from two points of view. F i r s t ,  it permits evaluation of the  r e l i a b i l i t y  of 
experimental data obtained by investigations performed with the par t icu lar  meth- 
od. I n  the  second place, some aspects of the experimental technique may be 
in te res t ing  from the  standpoint of t h e i r  application i n  other works. 

Recording Equipment 

I n  our invest igat ion of the  in t racran ia l  c i rculatory system we used several  
designs of instruments f o r  recording the  in t r ac ran ia l  EPGs and a l so  f o r  record- 
ing other charac te r i s t ics  of the  t e s t  system. a n e  of the  devices, fo r  example 
the  galvanometric setup, used i n  the ear ly  stages of research (Moskalenko and 
Naumenko, 1956), i s  of no i n t e r e s t  today. Other devices may be of i n t e re s t  /4g 
from the  standpoint of t h e i r  application i n  other invest igat ions and therefore 
we describe them br ie f ly .  

Over the  past  few years several  types of devices have been proposed fo r  
recording the  blood volume of body regions and organs by means of electrople- 
thysmography (Holzer e t  al., 1945; Kedrov and Naumenko, 1954; Fejfar  and Zajitz,  
1955; Polzer e t  al., 1960; Nyboer, 1960; Moskalenko, 1962; Kanai, 1965; 
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Amautov, 1965; and o ther ) .  
i n  the  t o t a l  impedance. These methods a re  the potentiometric method, the  
bridge method and the  four-electrode system f o r  the  input arrangement of elec- 
troplethysmographs ( f ig .3 ) .  

They u t i l i z e d  three methods of recording changes 

a b C 

I 1 

Figure 9 .  Schematic diagrams f o r  the  input devices 
or’ electroplethysmographs . a. bridge; b. potent io-  
metric;  e. four-electrode. 
1. t o  generator; 2. t o  subject ;  3 .  t o  amplifier 

A s  we have shown above, changes i n  e l e c t r i c a l  conductivity between e lec t -  
rodes implanted i n t o  the  c ran ia l  cavi ty  are small and are subs tan t ia l ly  l e s s  
than the  changes i n  the  e l e c t r i c a l  conductivity of other regions of the  body 
due t o  the  dynamics of t h e i r  blood volume. Therefore, i n  order t o  record the 
in t r ac ran ia l  EPG it i s  best  t o  use instruments based on the  bridge pr inc ip le  
of measurement. The bridge c i r c u i t  i s  used i n  the  rheographic attachments t o  
the  electroencephalograph. 

The general  c i r c u i t  diagram of the  electroplethysmograph based on the  
bridge pr inc ip le  of measurement i s  shown i n  f igure  10. The generator stage, 
which i s  tuned t o  a frequency of 20-40 kHz ( f o r  implanted electrodes) or t o  
100-150 kHz ( f o r  electrodes placed on the  skin covers), must provide f o r  a 
voltage of 3-4 V across a load of approximately one ohm. 
of the  generated s igna l  must not exceed 0.2 percent. 

The harmonic content 

Much experience obtained by working with various types of EPGs has shown ,& 
t h a t  the  bridge c i r cu i t ,  which makes it possible  t o  car ry  out experiments on 
various types of animals, must provide f o r  the  balancing of the  bridge over t h e  
range from 300 t o  1800 ohms and from 500 t o  2000 mmf. A sa t i s f ac to ry  recording 
of the  in t r ac ran ia l  EPG i s  achieved when the  s igna l  measured a t  t h e  bridge i s  
amplified 5000 t i m e s .  
output stages whose parameters depend on the  type of recorder used. 

The s igna l  then goes through a detector  and through the  

The general  block diagram shwn  i n  f igure  10 w a s  used as a bas is  t o  con- 
s t r u c t  several  versions of t h e  electraplethysmograph. Good r e s u l t s  were ob- 
ta ined by a setup consis t ing of standard laboratory instruments ( t h e  ZG-11 
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generator, MPP-300 impedance bridge, MVL-3 vacuum-tube voltmeter, the EO-7 and 
MPO-2 oscil lographs).  W e  used this setup both f o r  invest igat ions on animals 
and f o r  observations on humans when the  electrodes were placed i n  the  oculo- 
occ ip i t a l  arrangement. 

Figure 

1. 
2 .  
3. 
4. 
5. 
6. 

10. Block diagram of an electroplethysmograph 
with a bridge input c i r c u i t  

generator 
input device 
ac amplifier 
detector  and dc amplifier 
t o  the  recorder 
t o  the t e s t  subject 

Two portable  versions of t he  electroplethysmograph (Moskalenko, 1962), de- 
signed f o r  carrying out invest igat ions on l a rge  laboratory animals under in-  
creased gravitation, were developed. One of these devices w a s  t rans is tor ized  
while the other used miniature tubes. 

The f i r s t  s tage  of the  t rans is tor ized  electruplethysmograph ( f i g .  11) con- 
s is ts  of a sine-wave generator with inductive feedback, tuned t o  a frequency 
of 30 kHz. The buffer amplifier makes the  output parameters of the  generator 
independent of loading and matches t h e  c i r c u i t  to t h e  in t e rna l  impedance of the 
bridge. The bridge has a provision for  control l ing capacity ,over a range from 
850 t o  1000 mmf and balancing the  resis tance over a range of 700 t o  1200 ohms. 
The ca r r i e r  frequency i s  amplified by a two-stage wide-band amplifier whose 
t o t a l  gain i s  approximately 2000. The amplification fac tor  var ies  as a function 
of t h e  input voltage. This makes it .possible t o  observe, without additional 
adjustment of the  device, both the major f luctuat ions i n  the  blood volume--pulse /49 
and respiratory waves, andthe major changes i n  the blood volume, which re-  
s u l t  from some pa r t i cu la r  interact ion.  The output stage consists of a half-  
wave r e c t i f i e r .  
device i s  powered by a dc source of 24-27 V and consumes a current of 5-6mA. 
The device weighs 300 grams. 

The output voltage of the  device var ies  from 0 t o  6 V; the  

I n  the  miniature-tube version of the portable  electroplethysmograph ( f i g .  
12), t he  generating s tage consis ts  of a 30-kHz master o sc i l l a to r  and a buffer 
amplifier. The amplifier has two stages L -L and L -L such t h a t  the gain 

of each stage is  equal t o  55. 
duced t o  eliminate noise. The output stage of t he  device consists of a 
36 

3 4  5 6' 
Frequency-sensitive negative feedback is  intro-  



Figure 11. 
istorized electroplethysmograph. Zts is  t e s t  sub- 
j ec t .  

Circuit  diagram of the portable trans- 

w 
4 



Figure 12. 
plethysmograph u t i l i z ing  miniature tubes. 
put device i s  not shown. 
a. generator; b. amplifier and output stage 

Circui t  diagram of a portable e lectro-  
The in- 



detector and a power amplifier ( L  ) designed t o  match the  device of a low- or 
high-impedance recorder. 7 

Recently a radiotelemetry system has been developed t o  record the  in t r a -  
cranial  EFG and in t racran ia l  pressure over a s ingle  radio frequency channel 
(Moskalenko, 1964). The f i rs t  un i t  of t h i s  system ( f i g .  l3a)  consists of a 
modulator with a generator (T1) tuned t o  a frequency of 35 kHz; the  frequency 

of the generated s ignals  i s  var ied 5 percent by means of a variable-inductance 
pressure sensor. The generator i s  connected t o  the  bridge c i r c u i t  through the  
emitter repeater T2. 

stage i s  used t o  modulate the  s igna l  produced by the  high-frequency generator 
tuned t o  100 mHz (T-Th) and which i n  turn  telemeters t he  information t o  a d i s -  

tance up t o  10 meters. The design of the  generators i n  the  f i r s t  and second 
stages i s  based on a c i r c u i t  proposed by Wolff e t  al .  (1962). 
of the two sections together with the  power supply i s  approximately 100 grams. 
The device i s  designed so t h a t  it can be attached t o  a f r e e l y  moving animal 
( f i g .  l3b), but i t s  electraplethysmographic channel was used t o  record the  
in t racran ia l  EPG i n  humans with electrodes implanted i n t o  the  in t r ac ran ia l  
cavity. 

The frequency- .and amplitude-modulated s igna l  of the  f i r s t  

The t o t a l  weight 

a 

Figure l3a. 
f o r  recording in t r ac ran ia l  EPG and the  in t r ac ran ia l  pres- 
sure by means of a s ingle  channel. 

Ci rcu i t  diagram of the  telemetering system 
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Figure l3b. External view of the telemetering 
system for recording the intracranial EPG and 
the intracranial pressure by means of a single 
radio channel. 

The radiotelemetry signal, which can be received with a convential FM re- 
ceiver, is fed from the output of the receiver to a demodulator (fig. 14) in 
which the amplitude-modulated signal (information on the intracranial EFG) is 
isolated by means of wide-band amplifier T -T while the frequency-modulated 

signal (information on intracranial pressure) is isolated by means of a device 
consisting of an integral generator T -T tuned to a frequency of 35 W z  and 

mixer T which converts the 35*5 percent kBz signal into a 0 to 250 Hz signal. 

This is followed by two flip-flop stages T -T 

frequency-deviation signal into a variable-frequency square-wave pulse 
stant duration and amplitude. 
by means of a storage capacitance. 

5 6’ 

3 4  

7 
and Tll-T12 which convert the /51 9 10 

of con- 
These pulses are in turn converted into voltages 

Recently the overall block diagram of the electroplethysmograph has been 
somewhat modified by the introduction of a phase-sensitive defector (Moskalenko 
et al., 1964a). The use of such a detector (fig. 15) makes it possible to eli- 
minate one of the basic shortcomings of electroplethysmographs which use the 
bridge principle for recording changes in the electrical parameter. This un- 
desirable feature is the nonlinearity of the volt-ohm characteristics near the 
bridge balance point (fig. 16), which makes it necessary to detune the bridge 
slightly in order to measwe the EPG in a linear region. This had complicated 
the operation of the device. However, the high sensitivity of the bridge cir- 
cuit has not been affected by these changes. 
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Figure 14. 
the telemetering system shown in figure 13. 

Schematic diagram of the demodulator for 



Zts 

Figure 15. 
plethysmograph with a phas e-sens it ive 
c i r cu la r  detector .  - t e s t  subject.  

Block diagram of an electro-  

Iout  mA 
0.8 - 

0.6 - 

a4 - 

0.2 - 

0 -  

0.2 - 

Figure 16. 
current (1 output ) of the  electroplethysmo- 

graph.and the  r a t i o  of the t e s t  subject i m -  
pedance ( Z  

bridge ( Zbal). 

2. c i r c u i t  w i t h  a phase-sensitive detector;  
AZ the degree of bridge unbalance; &a. l i n e a r  
region of t h e  charac te r i s t ic .  

Relationship between the output 

1 t o  the  impedance of the bslanced t s  

1. conventional bridge c i r cu i t ;  

Several devices f o r  recording the  l e v e l  of i n t r ac ran ia l  pressure f luctuat ions 
pressure and of a r t e r i a l  and venous pressures were used simultaneously w i t h  de- 
vices used to record the in t racran ia l  EPG. Th i s  w a s  done t o  obtain additional 
information on the  mechanisms of compensation of changes i n  the blood volume 
of the c ran ia l  cavity.  Among such devices the mechanophotoelectric sensors 
(manometers) whose design i s  shown i n  f igure  17 a re  of i n t e re s t .  

One manometer i s  designed f o r  implantat ioninto the c ran ia l  cavi ty  of animals 
( f i g .  17a), w h i l e  t he  other two are  designed f o r  use under conditions of acute 
experiment ( f i g .  17, b, c) . These manometers consis t  of a photoresistance 1 ( o r  
a photodiode) j diaphragm 2, which i s  mechanically coupled t o  the  e l a s t i c  membrane 
4; and a l i g h t  source 3. 
which changes the i l lumination of the  photoresistance. This change i s  recorded 
by means of a device operating on the  pr inc ip le  of an electronic  bridge ( f i g s .  

When the membrane moves the  diaphragm i s  displaced, 

18, 19) - 
The manometer shown i n  f igure  l7c  uses two l igh t -sens i t ive  elements such 

t h a t  the  d is t r ibu t ion  of t he  l i g h t  flux between them depends on the  posi t ion of 
the  diaphragm. The case of these manometers i s  made of p l a s t i c  while t he  mem- 
brane i s  made of cel luloid.  The construction of t he  in t e rna l  cavi ty  of a l l  types 
of electrometers which we used had a provision for extinguishing the  pressure 
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waves reflected by the membrane. 
curves when blood pressure and pulse waves of intracranial pressure were re- 
corded. The sensitivity of the mechanophotoelectric pressure sensors was approx- 
imately 1 ma/l cm H-0, while the resonant frequency of the mechanical system was 

This prevented the distortion of the recorded 

200 to 400 Hz. 
a 

3 2 1 

b 
1 2 3  

Figure 17. Design of the mechanophotoelectric manometers. 
a. sensor for implanation into the cranial cavity of dogs; 
b. sensor for recording pressure under conditions of an 
acute experiment; c. photoelectric pressure sensor with 
two light sensing elements. 1. photoresistance; 2. moving 
diaphragms; 3 .  light source; 4. membrane; 5. case. 

We also used electromanometers based on the tensometric and variable in- 
ductance principles of mechanoelectrical transformation. The design of these 
manometers differs little from the design of known manometers of this type. 
We also investigated piezomanometers described by Naumenko (1957). We used 
piezoelectric manometers when it was necessary to record the rate of pulse 
pressure fluctuations, in order to measure more accurately the time interval 
between the initial instants of pulse pressure rise in different regions of 
the vascular system and when it was necessary to compute the pulse waves propag 
ation rate. 

In some experiments we have a l s o  recorded the oxygen tension in the cere- 
bral  tissue of animals using a device proposed by Kovalenko (1961). In the 
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case of humans we did t h i s  by using an attachment t o  the  electroencephalograph 
(Cooper, 1963). 
ated with resp i ra t ion  e tc .  ) were recorded by conventional methods. 

Other auxi l ia ry  indicators,  ( sphygmogram, EPG, movement associ-  

sensor 

Figure 18. E l e c t r i c a l  c i r c u i t  of a device f o r  re -  
cording pressure by the mechanophotoelectric mano- 
meter shown i n  f igure  17c. 

The combined recording of i n t r ac ran ia l  EPG together with the in t r ac ran ia l  /56 
pressure and of blood pressure i n  d i f fe ren t  regions of the  vascular system as 
well  as of other physiological indicators  enumerated above w a s  achieved by using 
a setup which i n  addi t ion t o  standard laboratory equipment used devices of o r i -  
g ina l  design. Figure 2 1  
shows the  physiological charac te r i s t ics  of the  in t r ac ran ia l  c i rculatory system 
which can be recorded together with a r t e r i a l  and venous pressures i n  any combina- 
t i o n  by means of the  s i x  operating channels i n  t h i s  set-up. 

A block diagram of t h i s  setup i s  shown i n  f igure  20. 

U b 
zo0.P 

Figure 19. Elec t r i c  c i r c u i t  of a device f o r  
recording in t r ac ran ia l  pressure by photoelectr ic  
manometers. a. c i r c n i t  designed f o r  attachment 
t o  a loop oscillograph; b. c i r cu i t  designed fo r  
attachment t o  a cathode oscillograph; c. output 
of the  device. 
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The mechanisms f o r  the  compensation of blood volume changes i n  the  cranium 
w a s  invest igated i n  various objects by means of apparatus and devices described 
above. Most of t h e  experiments were performed on large laboratory animals--dogs, 
and cats,--and rabbi ts ,  i n  which the en t i r e  combination of processes could be 
recorded as shown i n  f igure  21. /57 

I n  experiments on s m a l l  laboratory animals--rats, pigeons, chickens, t u r t l e s ,  
l i zards  and frogs -the resp i ra tory  movements and the  sphygmogram were recorded 
together with the  in t racran ia l  EPG. 

_.-- 
U I P P - 2  

'- panex- MD 
K-12-23 
osc i l lo -  

,graph 

Figure 20. 
to ry  apparatus for  invest igat ing the  in t r ac ran ia l  
c i rculatory system. d- pressure channel; PG - 
electropolarographic channel; EPG - electroplethys- 
mographic channel; MD - channel for a chest mechano- 
gram. 

Block diagram of  a 7-channel labora- 

Experimental Technique 

In t raper i tonea l  urethane anesthesia ( lg/kg) was used i n  acute experiments 
on animals involved. It i s  of course impossible t o  say with assurance t h a t  
t h i s  form of anesthesia had the  same ef fec t  on a l l  animals used i n  the experi- 
ments and t h a t  i n  a l l  cases the  same depth of anesthesia was achieved with t h i s  
dose. However, t h i s  s i t ua t ion  apparently i s  not too s igni f icant  because cerebral  
cortex i s  depressed during urethane anesthesia of moderate depth, whereas the 
centers regulating the  ac t ive  processes responsible f o r  t he  compensation of 
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changes i n  cerebral  blood c i rcu la t ion  a re  thought t o  l i e  i n  the subcort ical  
formations . 

Figure 21. Schematic representation of 
the  arrangement of sensors under conditions 
of an acute experiment i n  animals. 
EPG: electroplethysmogram; D: pressure 
sensor; PG: polarographic sensor f o r  re-  
cording oxygen tension. 

To record the in t r ac ran ia l  and sp ina l  EX, the  electrodes were introduced 
bitemporally i n t o  the c ran ia l  cavity 1.5-2.0 cm away from the  median l i n e  and 
i n t o  the  f i r s t  cerv ica l  and t h i r d  lumbar vertebrae. 
i s  shown i n  f igure  22. I n  carrying out our investigations,  on representatives 
of various classes of vertebrates we made an e f f o r t  t o  r e t a i n  a proport ional i ty  
between the  perimeter of the cranium i n  i t s  maximum cross sect ion and the dia- 
meter of the electrodes.  Therefore, i n  the  experiments on frogs and t u r t l e s  we 
used electrodes w i t h  a case diameter of 1 mm, while fo r  birds  and rats we used 
electrodes with a case diameter of 3 m. 
w a s  5 mm and f o r  dogs it w a s  6 mm. 

The design of the  electrodes 

For cats and rabbits, the  diameter 

A s  pointed out above, the  values of the e l e c t r i c a l  parameters between the 
electrodes placed bitemporally i n  experiments on various la rge  animals ( c a t s  
and dogs) were close. 
t h a t  the  resis tance between the electrodes a t  a frequency of 35 ?&z w a s  720 f 
216 ohms, while the  capacitance was 950 f 380 m". Since we retained a pro- 
por t iona l i ty  between the  diameter of the  electrodes and the  in t e rna l  perimeter 
of the c ran ia l  cavity on the plane where the electrodes were s i tua ted ,  even 
i n  the experiments on s m a l l  laboratory animals the numerical values of e l e c t r i c a l  
conductivity between the  electrodes were close t o  those mentioned above, ex- 
ceeding them by 15-25 percent. 

A f t e r  processing the r e s u l t s  of 20 measurements, we found 
/58 

When the electrodes were introduced i n t o  the f i r s t  cervical  vertebrae and 
sacrum, the  impedance between them, as determined from 16 measurements, w a s  t o  
1450 f 520 ohms, while the  capacitance was t o  1500 f 800 "f. 

I n  a few experiments w e  observed t h a t  t he  values of e l e c t r i c a l  parameters 
between the electrodes were outside these limits. This happened e i the r  when 
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the  dura mater was damaged while the animal w a s  being prepared for  the experi- 
ment or when one of the  electrodes was placed over a la rge  blood vessel  or when 
some other mistake was made during the  preparation of the  animal. 

1 

Figure 22. Design of electrodes for recording 
the  in t r ac ran ia l  EF'G i n  animals under conditions 
of acute and chronic experiments. 1. plexiglass  
case; 2. contact p l a t e ;  3. lead wire; 4. re in-  
forcing d isk  on the  skin ( f o r  chronic experiments). 

A s  we indicated above, the  values of the  e l e c t r i c a l  parameters between the  
electrodes depend on the  frequency used t o  record the  EpGs. As the frequency 
i s  increased, the impedance and capacitance decrease, and when it i s  decreased, 
they increase. 

In t racran ia l  and intravascular  pressure sensors were used together with 
electrodes f o r  recording EpGs i n  some of the experiments on ca ts  and dogs. The 
dura mater was removed a t  the  place where the  pressure sensor w a s  introduced in-  
t o  the c ran ia l  cavity while the  in t e r io r  of the  sensor was f i l l e d  w i t h  physio- 
log ica l  solution. To measure the  intravascular pressures, the sensors were 
connected t o  the  blood vessels by means of polyethylene cannulas. 

A t o t a l  of 106 dogs, 223 cats, 56 rabbi ts  and 230 rats were used i n  the  se r i e s  
of acute emeriments whose r e su l t s  a re  considered i n  the present monograph. I n  
the experiments on the  other species of animals (pigeons, chickens, t u r t l e s ,  l i zards  
and frogs), only 8 t o  12 animals of each type were used because the  problem i n  
. t h i s  case was one of l imited in t e re s t .  

Eight t o  25 animals were used i n  each individual s e r i e s  of experiments de- 
pending on the  accuracy and reproducibi l i ty  of the  resu l t s .  

For the  chronic experiments, the  operations of implanting the  electrodes 
shown i n  f igure 23 were performed on the  animals (dogs and ca ts )  under asceti-c 
conditions. The inc is ion  w a s  made along the median l i n e  of the cranium up t o  
the  second cervical  vertebra; t he  edges of the  skin wound were kept far apart  
by hooks. A longi tudinal  incis ion of the  musculus temparalis w a s  made i n  the  
region of the  p a r i e t a l  bone, the edges of the  muscle were separated by hooks. 
A .hole  with a diameter of 5 m (for ca ts )  and 6 mm (for dogs) w a s  trepanned 
1-2 cm from the  median l i ne .  An iden t i ca l  operation w a s  car r ied  out on the  
other s ide of the  cranium. 
made along the  median l i n e  of the  neck muscles. 

/59 

To implant the  cervical  electrode, an inc is ion  w a s  
The muscles were scraped frm 
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t h e  f i rs t  and second vertebrae using a raspatory and were separated by hooks. 
Trepanation was car r ied  out i n  the  arcus pos te r ia r  of t he  f i rs t  cervical  verte- 
bra and the electrode was introduced. The dura mater was not damaged during 
trepanation of t he  hole i n  the  cranium and i n  the vertebrae.  The skin and the  
subcutaneous t i s s u e  s t ruc ture  were incised i n  the region of t he  back from the 
pro jec t ion  of f i r s t  t o  t h e  project ion of the s i x t h  lumbar vertebrae f o r  im- 
p lan ta t ion  of the  ver tebra l  electrode. The musculi longissimi dorsi  were in- 
c i sed  on the  r i g h t  and l e f t  of t h e  spinous processes of t he  second and th i rd  
Lumbar vertebrae, scraped from the  vertebrae and pul led  back with hooks. An 
opening was then trepaned i n  the  body of the  th i rd  lumbar ver tebra  
e lectrode was screwed i n t o  it. The wound was sutured layer  by layer .  The wires 
f r o m  a l l  t h e  electrodes were sutured i n t o  the  skin wound 0.5 t o  1 cm apart  be- 
tween the  f ront  opa r i e t a l  suture  and the  inion. 
t he  standpoint of protect ing the  wires from damage by the  animal. If there  w a s  
no suppuration, the  sutures  were removed a f t e r  7 t o  10 days. The animals were 
not used u n t i l  3 t o  4 days after the  operation. 
of 1 t o  3 months, after which t i m e  the  a i r t igh tness  of the cranium a t  the point  
of electrode implantation w a s  ve r i f i ed  i n  a spec ia l  acute experiment. 

and the  

This i s  t h e  best  place from 

They were observed fo r  a period 

a 
I 

2 

b i  7 

Figure 23. Design of electrodes f o r  
recording the in t racran ia l  EFG i n  
man when electrodes are posit ioned 
as shown i n  f igure  8. a. o r b i t a l  
electrodes;  b. occ ip i ta l  electrode. 
1. contact p l a t e  ( s i l v e r )  ; 2. plexi-  
g lass  case; 3.  lead wire. 

T h i s  method w a s  used t o  operate on 18 dogs and 7 ca ts .  O f  these, 8 dogs 
and 4 cats  had electrodes implanted f o r  recording the  in t r ac ran ia l  and sp ina l  
EFGs. Seven dogs and 3 ca ts  had only one p a i r  of electrodes implanted f o r  re -  
cording the in t r ac ran ia l  Em, while 3 dogs a l so  had sensors implanted for re- 
cording the in t r ac ran ia l  pressure together wi th  electrodes f o r  recording the  
in t r ac ran ia l  EPG. The values of the e l e c t r i c a l  parameters between the elec- 
trodes implanted i n  the  c ran ia l  cavity and the  spine were close t o  those ob- 
ta ined during acute experiments on animals. However, i n  the  post-operative 
period and pa r t i cu la r ly  i n  the  f irst  few days after the  operation, the impedance 
between the  electrodes increased s l i g h t l y  while t he  capacitance decreased, 
appparently the result of regeneration i n  the region of t he  electrodes. StabilL- 
zat ion of the values of e l e c t r i c a l  conductance and capacitance near the  elec- 
t rodes took place a t  the  end of t he  2nd o r  the beginning of the 3 rd  week a f t e r  
the  operation. Six t o  10 individual experiments were car r ied  out on each of 
t he  operated animals a t  1 t o  5 day in te rva ls .  

/60 
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When in t r ac ran ia l  EPGs were recorded i n  humans, electrodes were placed 
on both eyes and close t o  the  project ion of the foramen magnum. The design 
of these electrodes i s  sham i n  f igure 23. I n  some of the experiments, elec- 
trodes were posit ioned i n  a d i f fe ren t  manner: one on the  forehead, the  other 
near the mastoid process. The skin around the  occiput w a s  defat ted and 2 t o  
3 layers  of gauze soaked i n  a 5 percent s a l t  solut ion were placed between the 
skin and the electrode. 
years were investigated.  Eight were investigated during transverse accelera- 
t ions  on a cent r i f ige .  

A t o t a l  of 35 healthy men and woman aged 20 t o  40 

Figure 24. 
pa t i en t ’ s  cranium with implanted electrodes.  

Lateral  X-ray photograph of a 

When the electrodes were placed on the  skin of the head, the  average value /61. 
of the impedance between electrodes was 300 f 120 ohms while t h a t  of the  capa- 
c i tance w a s  1400 f 550 mmf. 

I n  observations on healthy subjects resp i ra tory  movements and EKG were re-  
corded together with the  in t r ac ran ia l  EPG. 

In t r ac ran ia l  EPGs were recorded i n  6 pa t ien ts  i n  the  Burden Neurological 
I n s t i t u t e  (Br i s to l )  . Approximately 100 electrodes were implanted deep i n  the  
f ron ta l  lobes. The electrodes were made of gold wire 1-50 p i n  diameter. The 
insulat ion a t  t he  ends of the  wires was removed to a dis tance 2-3 mm. A few 
of the  electrodes were introduced symmetrically t o  the  r igh t  and l e f t  subdurally. 
The l a t e r a l  X-ray photograph of the 
i s  s h m  i n  f igure  24. 

cranium of a pa t i en t  with these electrodes 

I n  pa t ien ts  with implanted electrodes, i n t r ac ran ia l  EPGs were recorded t o -  
gether with EKGs, respirat ion,  dynamics of t he  cardiac ra te ,  EEGs and oxygen 
tension i n  several  regions of the  brain. 

49 



Processing The Experimental Data 

I n  concluding our discussion of the  problems connected with the  technique 
of the investigations,  we s h a l l  consider several  charac te r i s t ics  of the pro- 
cessing of the  experimental data  obtained by in t r ac ran ia l  EFG. 

As we pointed out above, quant i ta t ive evaluation of blood volume changes 
i n  the  c ran ia l  cavity, which i n  pr inciple  can be made using the diagram shown 
i n  f igure 6, i s  d i f f i c u l t  t o  carry out i n  prac t ice  due toe r ro r s inhe ren t  i n  the 
present l e v e l  of electroplethysmography development. These errors  are  caused 
by the uneven d is t r ibu t ion  of the  e l e c t r i c a l  f i e l d  i n  the  c ran ia l  cavity.  We 
s h a l l  therefore, l i m i t  ourselves t o  a qua l i ta t ive  evaluation of the information 
obtained by in t r ac ran ia l  EPG. 

I n  order t o  permit comparison of the data obtained i n  experiments on d i f -  
fe ren t  animals, the  changes i n  e l e c t r i c a l  conductancereflected i n  the  in t r a -  
c ran ia l  EFG curve were expressed i n  r e l a t i v e  uni t s .  I n  some cases t h i s  was 
done by measuring the mean value of e l e c t r i c a l  conductance between electrodes 
a t  the beginning of the  experiment and by ca l ibra t ion  of the  curves during the 
experiment by switching a constant one-ohm resis tance i n t o  the  c i r c u i t  of the 
t e s t  object. The ca l ibra t ion  s igna l  was used t o  evaluate changes i n  the l eve l  
of the  in t r ac ran ia l  EFG i n  ohms. Then, by comparing t h i s  quantity with the 
mean value of the  e l e c t r i c a l  conductance measured e t  the  beginning of the experi- 
ment the r e l a t ive  fluctuations i n  e l e c t r i c a l  conductance between the  electrodes 
were calculated. 

I n  other cases changes i n  the  parameters of the  EFG curves were evaluated 
by calculating the  r e l a t i v e  change i n  a pa r t i cu la r  index as compared with the  
i n i t i a l  background signal.  For example, the  dynamics of the  pulse and respiratory 
waves of the in t racran ia l  E E  during the action of grav i ta t iona l  s t resses  or 
other factors  may be conveniently evaluated i n  r e l a t ion  t o  the  i n i t i a l  values of 
these waves. The same method should a l so  be used to evaluate the parameters of 
the EFG curves obtained by electrodes introduced in to  the sp ina l  cavity. 
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The form of the periodic f luctuat ions i n  t h e  in t r ac ran ia l  EPG--pulse and 
respiratory waves--is a l so  rather  informative along with the  value of the amp- 
l i t ude .  This i s  likewise t rue  of the  periodic f luctuat ions i n  the  cerebral  
blood pressure and i n  CSF pressure. The form of the  pulse waves of the in t r a -  
c ran ia l  EFG and f luctuat ions i n  blood and CSF pressures were evaluated by de- 
termining t h e i r  spec t ra l  composition and by comparing the amplitudes of the 
higher harmonics with t h a t  of the f i r s t  harmonic. The coeff ic ients  of the  
harmonics were calculated w i t h  Simpson's rule,  using 18 ordinates. This 
method of evaluating the  form of the EFG pulse waves and in t r ac ran ia l  and 
a r t e r i a l  blood pressures i s  in te res t ing  because the  resu l t ing  data  can be used 
l a t e r  fo r  analog simulation of the d i f fe ren t  individual elements i n  the cerebral 
c i rculatory system. 

We sometimes used other methods of evaluating the form of periodic EPG 
fluctuations i n  the calculat ion of the  time interva.ls of the  d i f fe ren t  phases 
of the  curve: time of r i s e ,  time of fa l l ,  e tc .  One of these methods of pulse 
waves on the in t r ac ran ia l  EFG i s  described by Weii? and Ronkin (1962). 
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Section 4. Methods O f  Investigating The In t racran ia l  Circulatory 
System During Increased Gravity 

The charac te r i s t ics  of the  compensation of the  periodic and nonperiodic 
changes i n  the blood volume of the  c ran ia l  cavity during increased gravi ty  
were studied on two experimental stands. Longitudinal accelerations of 0.2 
to 1 G were produced by changing the posi t ion of the animal.'s body i n  the  
v e r t i c a l  plane using a ro ta t ing  table .  The angle o f  ro ta t ion  of the  tab le  had 
f ixed posit ions corresponding t o  accelerations of 0.2, 0.3, 0.4, 0.5, 0.6, 0.8 
and 1 .0  G .  
posi t ion ranged from 0.2 t o  0.4 sec. 
it possible to record several  physiological parameters simultaneously using an 
apparatus the block diagram o f  which i s  shown i n  f igure 20. 

The period of time during which the  animal was placed i n  the  required 
Experiments on the  rotat ing t ab le  made 

Longitudinal accelerations over 1 G and transverse accelerations up t o  
For 

loads of 8-15 G the  acceleration of the  centrifuge was e i the r  1.2-1.5 G/sec 
(fast)  or 0.5-0.7 G/sec (slow), while the deceleration w a s  1.0-1.5 G/sec. 
During the experiments on the  centrifuge machine it w a s  possible t o  record an 
in t racran ia l  EFG in t r ac ran ia l  pressure, EKG, and respiratory movements. 

40 G were produced by means of a centrifuge with an a r m  of 4.5 meters. E2 

Longitudinal accelerations of up t o  1 G were produced by ro ta t ing  the 
tab le  while the  transverse accelerations were produced on the  centrifuge.  This 
w a s  done i n  the  case of both humans and animals. 

The duration of grav i ta t iona l  s t resses  did not, as a rule,  exceed 15  or 
30 sec. I n  some experiments the action was continued 1, 3, and 5 minutes. 
Each animal w a s  subjected to several  such separate actions i n  acute and chronic 
experiments. The time in t e rva l  between such loads was 2 t o  10 minutes depending 
on the rate a t  which the i n i t i a l  indices were restored. Observations on humans 
over a day involved 3 t o  5 br ie f  actions of up t o  1 G or one action of a higher 
in tens i ty .  

I n  the present sect ion we could have l imited ourselves t o  l i s t i n g  the  
s t r e s s  conditions t o  which the  subjects were exposed, thereby sa t i s fy ing  the 
problem described i n  the sections dealing with the  experimental technique. 
However, the behavioral charac te r i s t ics  of the cerebrovascular system during 
s l i g h t  grav i ta t iona l  s t resses  a re  of great  i n t e re s t  not only f o r  space physio- 
logy but a l so  from the standpoint of methods used to study the  cerebral  c i rcula-  
t o ry  system both under normal conditions and i n  d i f fe ren t  pathological s t a t e s .  

Observations on the  in t r ac ran ia l  c i rculatory processes i n  an animal a t  
r e s t  do not always y i e ld  much information. It i s  true, of course, t ha t  under 
normal conditions the  in t r ac ran ia l  c i rcu la t ion  i s  always undergoing rhythmic 
changes, caused by cardiac ac t iv i ty  and respirat ion,  and these rhythmic changes 
may be considered de f in i t e  t e s t  actions on the system. Analysis of the re -  
act ion of the  in t r ac ran ia l  c i rculatory system t o  pulse and respiratory changes 
i n  blood flow yields  s ign i f icant  information on i t s  function. However, the  
changes i n  the  in t r ac ran ia l  c i rculatory system caused by cardiac contractions 
and respiratory movements axe small. Hence, they a re  unsuitable f o r  t he  study 
of the  in t racran ia l  c i rculatory system react ion and do not provide suf f ic ien t ly  
complete information on a l l  the  pecu l i a r i t i e s  of t h i s  system. This would require  
stronger disturbances. 
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Several methods have been developed during the  pas t  20 years f o r  invest i -  
Some of them broaden the  possibi-  gat ing the  in t r ac ran ia l  c i rcu la tory  system. 

l i t i e s  by perfect ing the  technique of investigations,  while others do so  by 
developing new variat ions of the experiments. The f i rs t  group includes the  now 
c l a s s i c a l  method of Hk th le ,  which uses the  difference i n  the  pressures i n  the 
cen t r a l  and per ipheral  segments 9f the in t e rna l  caro t id  a r t e r y  t o  obtain infor-  
mation on the  react ions of the  regional cerebral  a r t e r i e s  and of the  a r t e r i e s  
a t  t he  base of the cranium. The f i rs t  group a l so  includes the  Gartner-Wagner 
method, which i s  useful  i n  evaluating the s t a t e  of venous release flow from the 
cranium. 
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Avrorov (1957) proposed a new method fo r  the  contact less  measurement of 
blood pressure differences i n  a r t e r i e s  a t  the base of the  cranium and of the  
systemic a r t e r i a l  pressure i n  animals w i t h  the  caro t id  a r t e ry  drawn i n t o  a 
skin flap,  which i s  a modification of the Hiirthle method. 

A new modification of t h e  Hi i th le  method proposed by Usov (1960) consists 
of measuring the  difference i n  the sp ina l  and subclavian a r t e r i e s  w i t h  l i ga t ion  
of the  l a t e r a l  trunks. The f i rs t  group a l so  includes such methodical approaches 
as the "chest-head" preparation (Mchedlishvili, 1962), which permits s t ab i l i za t ion  
of the  parameters of cardiac action, and t h i s  i n  tu rn  makes it possible t o  study 
the react ion of cerebral  vessels t o  various st imulations under i so la ted  conditions. 
The f i r s t  group likewise includes the model of a dog's head w i t h  i so la ted  circula-  
t i o n  proposed by Mikhaylov (1966). 

The second group of methods includes the familiar Valsalva, Queckenstodt, 
Maler ,  and Stookey tests.  
nection. 
t o  discover the spec i f ic  reactions of the regional cerebral  a r te r ies .  Invest i -  
gations involving occlusion of the a r t e r i a l  trunks t h a t  supply the brain with 
blood made it possible  t o  obtain a new data on the  r o l e  of the  mechanoreceptors 
of the  carot id  zones i n  maintaining the normal cerebral  blood l eve l  (Blinova and 
Marshak, 1963) and a l s o  on the  effectiveness of co l l a t e ra l  cerebral  blood supply. 

The occlusion t e s t  i s  of grea t  i n t e r e s t  i n  t h i s  con- 
Occlusion of the  superior vena cava enabled Mchedlishvili e t  al .  (1962) 

A var ie ty  of chemical and mechanical actions are now used as t e s t s  i n  the  
study of the cerebral  c i rculatory system. 

While studying the  effects  of longitudinal accelerations on the cerebro- 
vascular system w e  became convinced t h a t  such loads (up t o  fl G )  might be a good 
t e s t  f o r  invest igat ing the cklaracteristics of this system under normal conditions. 
Indeed, such react ions s a t i s f y  a l l  the demands made on t e s t s .  F i r s t ,  longitudinal 
accelerations ac t  on spec i f ic  elements of the  in t r ac ran ia l  c i rculatory system. 
I n  t h i s  connection they correspond t o  or thos ta t ic  t e s t s  which have been widely 
used of  l a t e  t o  invest igate  in t racran ia l  c i rculat ion.  Second, t h i s  form of 
st imulation can be accurately dosed according to th ree  basic  indices:  intensi ty ,  
r a t e  of increase, and duration. Thirdly, such reactions a re  qui te  "physiological" 
f o r  most laboratory animals and for man. 

We therefore used longi tudinal  accelerations of 0.2 t o  1.0 G, produced by 
a ro ta t ing  table, as a t e s t  stimulant t o  s t u a -  cer ta in  spec ia l  features  of the  
mechanisms of compensation of changes i n  the blood volume of the  c ran ia l  cavity. 
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We investigated other methodology besides longitudinal accelerations, 
namely, occlusion of the  superior vena cava and jugular veins, HGthle ' s  method, 
and the  Valsalva, Stookey, and Miller t e s t s .  
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CHAPTER 2. BASIC MECHANISMS OF COMPENSATION OF CHANGES I N  THE 
BLOOD VOLUME OF THE CLOSED CRANIAL CAVITY 

In t racran ia l  c i rcu la t ion  has spec ia l  features  which dis t inguish it from /66 
blood flow i n  other p a r t s  of the  body and organs. To begin w i t h ,  cerebral  
blood f l o w  i s  very intense. Many invest igators  employing d i f f e ren t  methods i n  
recent years have shown t h a t  t he  average in t ens i ty  of cerebral  blood flow i s  
50-60 mill i l i ters a second per  100 grams of bra in  (Dumke  and Dumke, 1941; 
Kety, 1948; Lassen and M u n k ,  1955; Lassen e t  al . ,  1963; others) .  Brain t i s sue  
i s  very sens i t ive  t o  even t rans ien t  disturbances of c i rcu la t ion  because basal 
metabolism i n  the brain i s  of an aerobic nature and, moreover, an oxidizable 
substrate  depot i s  absent i n  the  brains of higher ver tebrates .  

Blood flow i n  bra in  t i s sue  i s  d is t r ibu ted  unevenly. Sokoloff and Landau 
(1955) showed t h a t  t he  blood f l o w  i s  most intense i n  the  cortical, auditory, and 
v isua l  regions of the  cortex, achieving a value of 1800 m i l l i l i t e r s  a minute 
per 100 grams of brain.  

The density of the capi l la r ies  i n  these regions i s  200 t o  300 times greater  
than i n  the  white matter (Polyakov, 1949). 

It i s  reasonable t o  conclude from the  above data  t h a t  the in t ens i ty  of 
cerebral  blood flow i s  10 times greater  than the  average l e v e l  of blood flow 
i n  other organs and t i s sues .  The in t ens i ty  of blood flow i n  the  cerebral  cor- 
tex, where the volume occupied by the blood vessels i s  approximately 24 per- 
cent of the  t o t a l  t i s sue  volume (Hale and Reed, 1963) while the cap i l l a r i e s  
occupy 5 t o  6 percent of t h i s  volume (Isikawa, 1950), exceeds the average in-  
t ens i ty  of blood flow more than 50-fold. 
charac te r i s t ic  of t h e  bra in  i n  a var ie ty  of functional states--during s leep 
and during wakefulness, i n  a coma, and during mental ac t iv i ty ,  i n  many patho- 
log ica l  s ta tes ,  and during the action of pharmaceutical agents. It  i s  thus a 
ra ther  s tab le  quantity (Konradi and Parolla,  1963). 

This high in t ens i ty  of blood flow i s  

It i s  d i f f i c u l t  t o  reconcile t he  same high in t ens i ty  of cerebral  blood /67 
f l a w  under d i f fe ren t  conditions, an indicat ion of i t s  e f f i c i en t  control  system, 
with another fea ture  of the  in t racran ia l  c i rculatory system--the l imited volume 
of f lu ids  i n  the  closed c ran ia l  cavity. It would seem t h a t  t h i s  l imi ta t ion  should 
inh ib i t  the r ea l i za t ion  of the  regulatory processes. 

The l imited volume of the c ran ia l  cavi ty  was a t  one time the  bas i s  fo r  
the conception t h a t  the blood volume i n  the  closed c ran ia l  cavity i s  invariable--  
the  Monroe-Kelly doctrine.  Many well-known physiologists of the pas t  adhered 
t o  t h i s  doctrine, notably S tar l ing  and Sherrington. The Monroe-Kelly doctrine 
w a s  the  object of many discussions which resu l ted  i n  a cycle of investigations 
t h a t  l a i d  the foundation f o r  the theory of compensation of changes i n  the  blood 
volume of the  closed c ran ia l  cavi ty  (Salathe, 1876; MOSSO, 1881; Geigel, 1905; 
others).  

Investigations i n  t h i s  direction, which have continued u n t i l  the  present 
day, have shown convincingly t h a t  the Monroe-Kelly doctrine i s  untenable. 
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According t o  the modern concepts of the physiology of i n t r ac ran ia l  c i rculat ion,  
there  a re  two possible  methods f o r  t he  compensation of changes i n  the blood 
volume of the closed c ran ia l  cavity. These a re  based on i t s  s t ruc tu ra l  charac- 
t e r i s t i c s .  The f i rs t  p o s s i b i l i t y  i s  t h a t  the compensation of changes i n  the 
blood volume of individual regions of the  cerebrovascular system and meninges 
r e su l t s  from the red is t r ibu t ion  of the  a r t e r i a l  and venous blood or from the  
r e l a t ed  changes i n  the blood volume of the functioning and nonfunctioning pa r t s  
of t he  region. The second p o s s i b i l i t y  i s  t h a t  the compensation of changes i n  
the cerebral  blood volume as a whole i s  due t o  the  movement of t he  CSF between 
the CSF spaces of t he  brain and sp ina l  cord. 

Thus, the  possible  mechanisms fo r  the compensation of changes i n  the cere- 
bral  blood volume may be represented i n  a s implif ied manner by the  diagram 
shown i n  f igure  25. The cerebrovascular system i s  represented by two separate 
volumes corresponding t o  the a r t e r i a l V  and venous V systems whose interact ion 

provides the f i r s t  p o s s i b i l i t y  f o r  the  compensation of changes i n  the cerebral  
blood volume. T h i s  diagram a lso  provides fo r  a communication between the 
c ran ia l  and sp ina l  cav i t ies  through a hole of l imi ted  diameter thanks t o  which 
the  compensatory movements of the CSF are  possible.  

a V 

The cerebral  a r t e r i a l  and venous systems and the sp ina l  cavity a re  some- 
what e l a s t i c .  The c ran ia l  cavi ty  a l so  has a ra ther  s m a l l  e l a s t i c i ty ,  which 
i s  l e s s  than t h a t  of the sp ina l  cavity.  Apparently the  blood flow i n  the cere- 
b r a l  vessels takes place because the pressure leve ls  i n  the a r t e r i a l  and venous 
systems are  maintained by external  forces--by the  systemic a r t e r i a l  and venous 
pressures.  The diagram takes in to  account the  possible  e f f ec t  produced by the 
blood volume l e v e l  i n  the  broad system of venous sinuses of the  sp ina l  cord Vs 

on the  movement of the CSF between the c ran ia l  and sp ina l  cavi t ies ,  i . e . ,  i t s  
e f f ec t  on one of t he  mechanisms f o r  the compensation of changes i n  the volume 
of c ran ia l  blood. The a r t e r i a l  system of the sp ina l  cord i s  .not shown because 
it is  much l e s s  developed than the  cerebral  a r t e r i e s .  
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m C S F  - F i l l e d  cavity - \ i\k. Brain \ Spine 

V 

Diaphragm 

Figure 25. 
r e l a t ions  which ensure compensation of the  c ran ia l  cavity 
blood volume. Va and V 

arterial and venous cerebral  systems; V i s  the space occu- 

p ied  by the  venous plexuses and sinuses of t he  spine. Arrows 
show the  d i rec t ion  of blood f l a w .  

A simplified diagram showing the  hydrostat ic  

a re  the spaces occupied by the  
V 

S 
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Haw wel l  does t h i s  diagram r e f l e c t  t he  t r u e  p ic ture  of t he  hydrodynamic 
relat ions,  i n  the closed c ran ia l  cavity? What a re  the capabi l i t i es  of the  two 
mechanisms of compensation of changes i n  the  blood volume of the  c ran ia l  cavity 
and what i s  the  relat ionship between them? A r e  these the  only p o s s i b i l i t i e s  
for compensation? The purpose of t h i s  chapter i s  t o  consider these questions. 

Section L Compensation O f  Changes I n  The Blood Volume 

Between The Arterial  and Venous Systems O f  
O f  The Closed Cranial  Cavity Due To Interact ion 

The Brain 

We may conclude from the  diagram shown i n  f igure  25 tha t  the necessary 
condition f o r  the  compensation of changes i n  the  blood volume of the  c ran ia l  
cavity due t o  in te rac t ion  between the  a r t e r i a l  and venous systems i s  the  d i r ec t  
mechanical connection between the  spaces occupied by the a r t e r i a l  and venous 
systems. 
c ran ia l  cavity occurring as a r e s u l t  of s m a l l  displacements i n  the c ran ia l  mass. 
Many invest igat ions w i t h  simultaneous recording of a r t e r i a l  and venous blood 
pressures i n  the  c ran ia l  cavi ty  have shown t h a t  t h i s  connection between the  two 
systems does i n  f a c t  e x i s t  and t h a t  the  CSF serves as the  transmitt ing medium 
i n  the  closed c ran ia l  cavity. A de ta i led  analysis  of t he  experimental da ta  
from the 1920s and 1930s showing t h i s  connection was made by Sepp (1928) and 
the  experimental data published i n  recent years confirmed it. 

This connection may be ensured by the  movement of the  CSF i n  the  

& 

Schroeder (1953) again ve r i f i ed  the  p o s s i b i l i t y  of transmission of a r t e r i a l  
pressure t o  the  veins by recording simultaneously the  pressure i n  the  in t e rna l  
caro t id  artery,  subarachnoid space, and jugular vein. He used electromanometers 
because he assumed that  e r rors  may have occurred i n  the  previous investigations 
due t o  the use of water manometers. He became convinced t h a t  a r t e r i a l  pressure 
can be transmitted t o  the  veins. The relat ionship between pressures i n  the  
cerebral  a r t e r i a l  and venous systems i s  the  basic  condition f o r  the  compensation 
of changes i n  the  cerebral  blood volume, but  it does not by i t s e l f  show the  
presence of such compensation. Direct  proof of i t s  existence i s  provided by the 
f a c t s  on the  nature of blood re lease  from the cranium. Berthold (1869) was 
the f i rs t  t o  show t h a t  blood release from the  cranium has a pulsat ing nature. 
Later the  pulsat ing re lease  of venous blood w a s  recorded by: Keller -( 1939) and . . - .  
by Kedrov and Naumenko (1954) using a more re f ined  method. 
of t h i s  pulsation? Pulse changes i n  the blood f l o w  may reach the venous system 
by t ravel ing along the  vascular bed or they may r e s u l t  from the compensation of 
pulse increases i n  the  volume of a r t e r i a l  blood i n  t h e  c ran ia l  cavity. Data 
obtained by d i r ec t  observation of the cerebral  cap i l l a r i e s  ( Klosovskiy, 1951) 
have shown t h a t  t h e i r  blood flow does not undergo any pulsat ing changes. 
Consequently, it i s  most probable that  the pulsat ing outflow of blood from the  
cranium i s  due prec ise ly  t o  the above mechanism of compensation of changes i n  
the  blood volume of a r t e r i a l  vessels i n  the  c ran ia l  cavity. 

What i s  the  or igin 

Thus, an increase i n  the  volume of ar ter ia l  blood i n  the  c ran ia l  cavi ty  
may be compensated by a decrease i n  the  volume of blood i n  the  venous system 
accompanied by an in t ens i f i ed  outflow of venous blood from the  cranium. The 
r a t e  of such compensation must be high. This follows from t h e  f a c t  t h a t  the  
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cross sect ion of venous pathways which transport  blood from the cranium i s  
qu i te  large.  

I n  order t o  determine the  dynamic nature of compensation of changes i n  
volume of a r t e r i a l  blood, we simultaneously recorded pulse f luctuat ions i n  the  
venous and CSF pressures w i t h  a sub.sequent harmonic analysis of the  resul t ing 
curves ( f i g .  26). 
t ions i n  the  CSF and venous pressures i s  approximately the  sane, but the high- 
frequency harmonics, beginning with the fourth, are l e s s  on the venous pulse 
curve i n  comparison with the  pulse of the  CSF. This means t h a t  the  l imitat ions 
i n  the  r a t e  of compensation a re  noticeable only a t  frequencies 4 t o  5 times 
greater  than the cardiac rhythm. 

We found t h a t  the  spec t ra l  composition of t he  pulse fluctua- /70 

It i s  not to be excluded t h a t  the l imi ta t ion  i n  the r a t e  of compensation 
i s  due t o  the properties of t h e  walls of the venous vessels which transmit the 
CSF pressure t o  the venous blood a f t e r  some delay, ra ther  than t o  the impossi- 
b i l i t y  of such a rapid release of blood from the cranium. I n  any case, however, 
t h i s  means t h a t  the l imi ta t ions  i n  the r a t e  of compensation due t o  venous re-  
lease w i l l  be manifested during rapid changes i n  the  blood volume. 

T a b 

Figure 26. Pulse waves ( a )  of i n t r ac ran ia l  
pressure (1) and of pressure i n  the  longi- 
tud ina l  sinus (2 )  and the  harmonic composi- 
t i on  of these f luctuat ions (b)  . W - number 

of the harmonic; Ck/C1 - r a t i o o f  t h e  a m p l i -  

tude of the k-th harmonic t o  the amplitude 
of the  f i r s t  one. 
Time marker - 0.5 sec. 

n 

Thus, the  above data indicate  tha t  there  are  no s igni f icant  time l imita-  
t ions i n  the compensation of an increase i n  the a r t e r i a l  volume due to the  
in tens i f ied  outflow of venous blood f r o m  the cranium. 

Let us now consider the volume p o s s i b i l i t i e s  of compensating d i l a t a t ion  
of the  a r t e r i a l  vessels due t o  venous release.  These p o s s i b i l i t i e s  a re  
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presumably s m a l l .  
s a t ion  follows from the f a c t  t h a t  a decrease i n  the  volume of the c ran ia l  veins 
leads t o  an increase i n  the hydrodynamic res i s tance  of t he  cerebrovascular sys- 
tem as a whole despite the d i l a t a t i o n  of t he  a r t e r i e s .  
proved theo re t i ca l ly  by Geigel (1905). 

The l imi t a t ion  i n  the  volume p o s s i b i l i t i e s  of such compen- 

This proposition w a s  

The idea behind Geigel’s calculations i s  as follows. The t o t a l  hydro- 
dynamic resis tance of the cerebrovascular system W may be expressed as the sum 
of the resis tance of t he  a r t e r i a l  Wa and venous Wv systems which i n  turn a re  
equal t o  /71 

where 1 and lb q a a 

a r t e r i a l  and venous systems; 

properties of t h e  vascular w a l l  of t he  blood, with n andv  l e s s  than 1. 

and 9, are  the  equivalent cross section and length of the 

Kv’ n andv a re  coeff ic ients  ref lect ing the ‘a’ 

We assume t h a t  the t o t a l  cerebral  blood volume i s  constant 

L’l; = qala + % L a .  ( 2 )  

This condition means t h a t  the a r t e r i a l  blood volume of t he  c ran ia l  cavity 
can be changed only by the mechanism of compensation under study--as a r e su l t  of 
t he  r ed i s t r ibu t ion  of the volumes occupied by the a r t e r i a l  and venous systems. 
I n  t h i s  case the  volume of the CSF i n  t he  cranial  cav i ty  remains constant. 

It follows from equations (1). and (2) t h a t  t he  t o t a l  hydrodynamic resis tance 
t o  the blood flow i n  the c ran ia l  cavity i s  

Let us f ind  the  conditions i n  which W has minimum value. Assuming t h a t  

2!!? = 0 , and finding t h a t  def> 0, it turns out t h a t  W acquires the minimum d2W 
4% 

value when 

Expression (4) shows the  relat ionship between the t o t a l  hydrodynamic r e s i s -  
tance of the cerebrovascular system and the space occupied by i t s  a r t e r i a l  sys- 
tem. This re la t ionship  i s  shown graphically i n  f igure 27. 

The curve i n  f igu re  2.7 w i l l  be displaced p a r a l l e l  t o  the axis of the 
abscissas depending on the volume of the CSF i n  the cranial  cavity. 



According t o  Geigel, under normal conditions W has a value close t o  the 
minimum, i .e. ,  the  r a t i o  of the  equivalent lengths and cross sections of the  
a r t e r i a l  and venous systems i s  determined by expression (4), which appears t o  
us t o  be qui te  plausible .  
venous blood volumes i n  the c ran ia l  cavity occurring during various processes 
i n  the  cerebrovascular system as a r e s u l t  of an increase or decrease i n  the volume 
of a r t e r i a l  blood w i l l  lead t o  an increase i n  W and consequently t o  a deteriora- 
t i o n  i n  the cerebral  blood flow. 

Therefore, a red is t r ibu t ion  between the  a r t e r i a l  and 

Having dwelt on t h i s  s tage of Geigel's calculations,  we can agree with the /72 
v a l i d i t y  of h i s  conclusion i n  s p i t e  of the f a c t  t h a t  i t  has been c r i t i c i zed  by 
Sepp (1928) and other investigators,  because a l l  the  objections mentioned i n  the 
l i t e r a t u r e  pertained t o  the subsequent arguments of Geigel, which were over- 
simplified from our standpoint. 

The relat ionship between the t o t a l  hydrodynamic resis tance of the  cerebral  
vessels and the  spaces occupied by the  a r t e r i a l  and venous systems shows tha t  
t he re ' i s  a. volume l imi ta t ion  t o  t h i s  type of compensation. Indeed, a change i n  
re la t ionship between the a r t e r i a l  and venous systems r e su l t s  i n  deter iorat ion 
of the cerebral  c i rcu la t ion  and the  concept of "compensation" thus loses i t s  
meaning. 

On the basis  of the  r a t e  and volumetric charac te r i s t ics  of t h i s  type o f  
compensation of changes i n  the  cerebral  blood volume under study, it i s  f a i r  t o  
conclude t h a t  such compensation i s  e f fec t ive  when there  a re  sharp changes i n  
the  a r t e r i a l  blood volume of the  c ran ia l  cavity occurring i n  short  time periods 
during which the dynamic resis tance t o  blood flow increases insignif icant ly .  
Upon a deter iorat ion i n  the  conditions for  the outflow of venous blood from the  
c ran ia l  cavity, the  eff ic iency of t h i s  form of compensation drops. 

W 

Fi'gure 27. Hydrodynamic resis tance of the  cerebro- 
vascular system ( W )  as a function of the  volume 
occupied by the  a r t e r i a l  system (V,) . 
i s  a graphic representation of the  relat ionship ex- 
pressed by equation ( 4 ) .  

This curve 

It i s  obvious t h a t  change i n  the  relat ionship between the  volumes of the  
a r t e r i a l  and venous system, i n  turn, leads t o  change i n  CSF pressure. This 
creates the  conditions f o r  the  second mechanism of compensation of changes i n  
the  cerebral  blood volume as a result of the  movement of CSF from the  c ran ia l  
cavity i n t o  the  sp ina l  cavi ty  and back when the l e  a re  changes i n  the  volume of 
the  cerebrovascular system. This w i l l  be considered below. 
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Section 2. Compensation Of  Changes I n  The Cerebral Blood 
Volume Produced By The Movement of CSF Between The 

Cranial  And Spinal Cavi t ies  

The idea of such compensation of changes i n  the volume of c ran ia l  blood w a s  
advanced i n  the  middle of the  last  century by Richet (1848), who assumed t h a t  a 
de f in i t e  quantity of subarachnoid f l u i d  "flows" from the  c ran ia l  cavi ty  i n t o  
the  sp ina l  cavi ty  and back. The author concluded t h a t  t he re  i s  an "antagonism" 
between the  in t r ac ran ia l  and sp ina l  cav i t ies  i n  regard t o  the  volume occupied by 
the CSF. 

/73 

This mechanism of compensation assumes above a l l  the  p o s s i b i l i t y  of more-or- 
l e s s  f r ee  communication between the  CSF spaces of t he  c ran ia l  cavi ty  and of the 

1 spine. 

To demonstrate t h i s  poss ib i l i ty ,  we s h a l l  examine the  r e s u l t s  of inves t i -  
gations on the  movement of CSF as a r e s u l t  of secretory pressure, conducted with 
the  a i d  of dyes and l a t e r  with the  a id  of radioact ive isotopes.  Although these 
invest igat ions showed t h a t  various dyes and radioact ive isotopes s h i f t  from the  
c ran ia l  cavi ty  i n t o  the sp ina l  cavi ty  and back, the r e su l t i ng  ideas on the move- 
ment of CSF under the  influence of secretory pressure a re  r a the r  contradictory, 
as we have pointed out above (page 4). 

O f  the  many invest igat ions devoted t o  the  study of CSF movement, mention 
should be made of the  work of Vasilevskiy and Naumenko (1959), who recorded the 
spreading of radioact ive isotopes introduced i n t o  the vent r ic les  and confirmed 
t h a t  CSF i n  a r ig id ly  f ixed  animal moves i n  the caudal direct ion.  They a l so  
establ ished the  f a c t  t h a t  i t s  l i nea r  flow r a t e  along the sp ina l  cavity averages 
0.299 mm/min. W e  agree with these data  because the  measurements of Vasilevskiy 
and Naumenko were performed with advanced techniques which took i n t o  account 
e r rors  introduced by the  recording equipment. 

The movement of the  CSF i s  a l so  confirmed by the  recent ly  published inveski- 
gations of Bradbury e t  al .  (1964), who showed t h a t  within two hours a dye in t ro-  
duced i n t o  the  subarachnoid space of a rabbi t  spreads t o  the  subspial  spaces of 
t he  sp ina l  cord t o  a distance of 3-4 cm. Thus, the  f ac t s  ind ica te  t h a t  there  i s  
communication between the  c ran ia l  cav i t ies  and the  sp ina l  cav i t ies .  The diagram 
of the mechanism f o r  the s ta t ionary  movement of t he  CSF according t o  recent 
physiological and anatomic data  i s  shown i n  f igure  28. 

A mass of data  ind ica te  t h a t  under normal conditions the  forces necessary 
for  compensatory movement of the CSF between the  cranial and sp ina l  cavities 
a r i s e .  This i s  confirmed by data  on the rapid change i n  the  correlat ions of 
pressures i n  the la rge  occ ip i t a l  and CSF c is te rns  when the pos i t ion  of the body 
1 
Here and i n  the fu tu re  we s h a l l  use the expressions "cran ia l  cavity" and "spinal 

cavity" when discussing the movement of the  CSF. 
spaces and c i s te rns  of the  bra in  and of t he  sp ina l  cord f i l l e d  with CSF. 

We take them t o  mean subpial  
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i s  changed i n  the v e r t i c a l  plane and during various movements (Sieven, 1897; 
Meyerson and Loman, 1932; Dumarco and Rimini, 1947; Mangold, 1954; Fridman, 
1957). 

/74 

Direct proof of the existence of compensatory movements of the  CSF between 
the cerebral  and spinal  cav i t ies  w a s  obtained when in t r ac ran ia l  and sp ina l  
EPGs were recorded simultaneously i n  animals (dogs and cats)  i n  chronic experi- 
ments (Moskalenko and Naumenko, 1959a). These experiments showed t h a t  changes 
i n  the levels  of the  in t racran ia l  and spinal  EPGs i n  response t o  various actions 
are  i n  the opposite direction, i .e . ,  when the  blood volume of one of the  cavi t ies  
increases, the blood volume of the  other cavi ty  decreases, and vice versa ( t a b l e  
3 ) .  This shows the  existence of conjugate changes i n  the  volume of the  CSF i n  
cranial  and spinal  cav i t ies .  A s  i s  evident from t ab le  3,  the  grea tes t  movements 
of the CSF are  recorded when the  head i s  l i f t ed ,  lowered or turned, and when the  
posit ion of the body i s  changed. 

/75 

The CSF a lso  moves during the  l i f t i n g  of paws, yawning, stretching, e tc .  

Marked movements of the CSF occur when the  posi t ion of the animal i n  the  
ve r t i ca l  plane i s  changed. This happens under the  influence of the  longitudinal 
gravi ta t ional  acceleration by ear th ' s  gravity.  

The extent of CSF movement under the influence of gravi ty  when the  head i s  
l i t e d  and lowered depends t o  a large degree on the posi t ion of the animal's body. 
If the  animal i s  horizontal  (standing o r  lying),  the amount of CSF t h a t  moves 
when the  head i s  ra i sed  i s  1.5-2 times greater  than when the  animal i s  s i t t i n g  
( t a b l e  3 ) .  
seconds a f t e r  the  body or head of the  animal returns t o  i t s  i n i t i a l  posi t ion.  

/76 
The movements of  the  CSF i n  the reverse d i rec t ion  occur f o r  several  

The conjugate nature of t he  changes i n  CSF pressure and i t s  compensatory 
movements i s  indicated by data  on the dynamics of the pressure of c ran ia l  cavity 
blood when the  abdomen i s  squeezed (Stookey's t e s t ) .  
by simultaneous1 recording the  in t r ac ran ia l  EPG and pressure i n  experiments on 
animals ( f i g .  297. 

We obtained this information 

It i s  generally known t h a t  i n  Stookey's t e s t ,  change i n  blood pressure of 
ver tebra l  venous plexuses impedes the release of blood from the  spine, resul t ing 
i n  an elevation of CSF pressure. This elevation of pressure i s  transmitted t o  
the  c ran ia l  cavity i n  accordance with hydrostatic l a w s .  The decrease i n  t o t a l  
blood volume of the  c ran ia l  cavity accompanied by an increase i n  the  in t racran ia l  
pressure when the  abdomen i s  squeezed ( f i g .  29) shows t h a t  such an action r e su l t s  
i n  the  CSF moving from the  sp ina l  cavity i n t o  the  c ran ia l  cavity and t h i s  move- 
ment, as we can see i n  f igure  29, does not take place instantaneously but ra ther  
f o r  several  seconds. 

A l l  these f ac t s  qu i te  c l ea r ly  show tha t  changes i n  the  blood volume of the  
c ran ia l  cavity a re  compensated by the  movement of CSF between the  c ran ia l  and 
spinal cavi t ies .  
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Figure 28. Schematic representation of CSF pathways 
i n  the  subarachnoid space and i n  the cervical  region 
of the  spine (from Strand, 1965). 
mater; 3. subdural space; 4. arachnoid membrane; 
5 .  subarachnoid space; 6. evagination of the  arachnoid 
membrane; 7. l a t e r a l  ventr ic les ;  8. t h i r d  vent r ic le ;  
9. p i a  mater; 10. choroid plexuses; 11. cerebellum; 
12. fourth vent r ic le ;  13. union of the fourth vent r ic le  
and the  subarachnoid space; 14. CSF; 15. cen t ra l  spinal  
canal. 

1. cranium; 2. dura 

Figure 29. Change i n  in t r a -  
c ran ia l  pressure (1) and blood 
volume of the  c ran ia l  cavity 
(2)  when the  abdomen of a ca t  
i s  squeezed. Acute experi- 
ment. Arrows indicate  the be- 
ginning and end of the  stimu- 
l a t ion .  

1 sec 
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TABLE 3. CHANGES I N  THE BLOOD VOLUME OF CRANIAL AND SPINAL CAVITIES DURING 
DIFFERENT MOVEMENTS OF THE ANIMAL (RESULTS OF A CHRONIC EXPERIMENT ) 

Elect'rical resistance of the cranio- 
spinal cavity ( i n  re la t ive  uni ts)  

Position of Nature of before a f t e r  a f t e r  return 
the animal's the  movement movement t o  the  i n i t i a l  
body movement posit ion 
* 

The e l ec t r i ca l  resistance of the 
spinal cord ( i n  a rb i t ra ry  units) 

before a f t e r  a f t e r  return,) 
movement movement t o  the i n i t i a l  

position 

animal 

the animal 
s i t s  

the animal 
stands 

24 

16 

l i f t i n g  of 33 
the head 
rotation of 30 
the head 
l i ' f t ing of 33 
the forward 
pa r t  o f  the 
body 
t rans i t ion  t o  9 
a s i t t i n g  posi- 
t ion  

19 

18 

l i f t i n g  of 20 
the head 
lowering of 21  
the head 
Queckenstedt ' s  36 
t e s t  

l i f t i n g  of 18 

lowering of 19 
the head 

the  head 

Cat (weight 3 kg) 

38 

32 

35 

23 

22.5 

20 

41.5 

33.5 

30 

32 

- 

20.5 

21 

35 

17 

19 

18 

19 

25 

24 

24 

21 

19 

11 

l a  
22 

25 

24 

26 

l a  

17 

22 

I 18 

19.5 

I 1-9 

I -  
25 

25 

23 

22 

- 



Once we are  aware of the existence of  compensation movements of CSF, it i s  
easy t o  identiSy the  source of the conf l ic t s  i n  some of t he  views on the  d i r e c - / 7 7  
t i o n  of t he  s ta t ionary  CSF flow under the influence of secretory pressure. , 

Indeed, t h e  f i n a l  results of invest igat ions with the  use of dyes and radioactive 
isotopes are  determined not only by the d i rec ted  movement of the CSF under the  
influence of secretory pressure, s ince the  rate of t h i s  movement i s  ra ther  law, 
but a l s o  by the e f f ec t  of various associated fac tors  pa r t i cu la r ly  by the  move- 
ments of the  object under study. However, i n  some se r i e s  of experiments when 
the  animal w a s  secured qui te  firmly, f o r  example i n  the  experiments of Vasilev- 
skiy and Naumenko (1959), only the  s ta t ionary  f l o w  of t he  CSF under the influence 
of secretory pressure w a s  recorded, although i n  these experiments e r rors  were 
introduced by the  pulse and resp i ra tory  waves. 

Consequently, the  r e s u l t s  of m a n y  experiments involving the  use of dyes and 
radioactive isotopes, i n  s p i t e  of t h e i r  outward inconsistency, not only demon- 
strate a d i r ec t  communication between the CSF spaces of t he  c ran ia l  and.spina1 
cavi t ies  but a l s o  ind ica te  t h a t  there  a re  compensatory movements of the CSF 
between the  c ran ia l  and sp ina l  cav i t ies .  

Let us now examine the possible  speed of t h i s  type of compensation. Accord- 
ing t o  the diagrams shown i n  f igures  25 and 28, the  c ran ia l  and sp ina l  cav i t ies  
communicate with each other through an opening of l imited s ize .  
l i m i t s  the  r a t e  of compensation of the changes i n  the  blood volume of the  c ran ia l  
cavi ty  due t o  the  outflow of the  CSF. 

This probably 

I n  order to determine the  e f f e c t  of such a l imi t a t ion  on the  r a t e  of com- 
pensation of changes i n  the  volume of t h e  c ran ia l  cavity, l e t  us consider the  
in te rac t ion  of the  blood volumes and of t he  CSF i n  the closed c ran ia l  cav5,ty 
by s l i g h t l y  changing the diagram shown i n  f igure  25. That is, l e t  us assume 
t h a t  change i n  blood pressure Pbl i n  the e l a s t i c  vascular system has no l i m i t a -  

t ions  on ve loc i ty  and t h a t  the  release of the CSF under pressure P1 from the 

c ran ia l  cavi ty  may take place through an opening of l i m i t e d  cross sect ion i n t o  
the  sp ina l  cavity, which has a cer ta in  amount of res i l ience .  

From the  data on the re la t ionship  between the  extent of vascular w a l l  
d is tension and the  distending force (Savitskiy, 1956; Read, 1957; others) it i s  
reasonable t o  assume t h a t  s l i g h t  blood pressure changes dAPb, inside the  e l a s t i c  

membrane a re  caused by changes i n  the  blood volume dAV by a l i n e a r  re la t ion-  
ship b l  

where L i s  the  quant i ty  which characterizes the  e l a s t i c  propert ies  
ular  w a l l ,  and V i s  the value of t he  blood volume i n  the c ran ia l  b l  

of the  vasc- 
cavi ty  a t  a 

given moment. 
'Footnote on the next page. 
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The condition fo r  a constant volume of f l u i d 2  i n  the c ran ia l  cavity may be /78 
expressed by the following relat ionship 

d (AT, + A%f) = 0, ( 6 )  

where AV 

volumetric f l o w  r a t e  i n  t h e  region where c ran ia l  and sp ina l  cav i t ies  meet can 
be determined by the  following formula: 

i s  the change i n  the  cerebral  CSF volume. The l imi ta t ion  on the csf 

which i s  analogous t o  Poiseui l le ' s  formula where 7 i s  the coeff ic ient  of visco- 
s i t y  of the overflowing f l u i d  and A i s  some constant characterizing geometry of 
the  opening. According t o  Poiseui l le ' s  f o d a s ,  A i s  expressed i n  terms of 
the  radius and length of the  release tube. Changes i n  CSF pressure and volume 
i n  the  sp ina l  cavity are  l inked by the following equations: 

Solving equations (5) ,  ( 6 )  and (7)  f o r  AV,, and Pb,, we obtain 

r t 1 

where 

(See preceding page) 
Here and i n  the  future  discussions we s h a l l  use the terms "blood pressure" 

and the  "blood volume" (Vbl) i n  cases when the laws under consideration are ( 'bl) 
equally v d i d  fo r  both the a r t e r i a l  and venous systems. However, when comparing 
the  e f fec ts  caused by changes of pressure i n  t h i s  system, one must allow f o r  the 
difference i n  the  mean pressures of the  a r t e r i a l  and venous systems and the d i f -  
ference i n  the  t ransfer  coeff ic ients  of these pressures t o  the CSF. 
1 

blood volume can be compensated only by the outflow of the CSF. 
This condition means t h a t  the  c ran ia l  cavity cannot be s t re tched and i t s  



Equations (8) and (9) characterize i n  a general  form the  volumetric rate 
of compensation of changes i n  the  cerebral  blood volume due to re lease  of t h e  
CSF. 

For a spec i f i c  case when there i s  a sudden change of pressure i n  the i n t r a -  
c r an ia l  c i rcu la tory  system which i s  equivalent to an equally r ap id  change i n  
the  e l a s t i c i t y  of the  vascular system during an ac t ive  reaction, the solut ion 
of equations ( 9 )  and (10) for changes i n  the  cerebral  blood volume AV 

in t r ac ran ia l  pressure AP 

t h e  form of graphs shown i n  f igure  30. 

/79 
and 

b l  

w i l l  be expressed i n  the  form of equation (11) or i n  b l  

The correctness of expression (11) can be ve r i f i ed  experimentally because 
it i s  possible  t o  achieve by a f i n a l  jump a s u f f i c i e n t l y  rap id  change i n  the  
cerebral  blood pressure by changing the pos i t ion  of the  animal i n  the  v e r t i c a l  
plane by some angle 8. 
APb, because the  main blood vessels which supply the cranium and which t rans-  

po r t  blood f r o m  the cranium are almost parallel  t o  the longi tudinal  axis of 
the  body. When the  head i s  lowered (which corresponds to a negative gravi ta-  
t i ona l  s t ress ) ,  the  changes i n  blood volume of the  c ran ia l  cavi ty  can be com- 
pensated only by the  re lease  of CSF. This i s  so  because i n  t h i s  case the  re -  
lease  of the  blood from the  cranium i s  inhibi ted.  There i s  a substantia% in-  
crease i n  the  venous pressure of the  cerebral  vessels and the route  of compen- 
sa t ion  of the cerebral  blood volume considered i n  the  preceding sect ion i s  
blocked. 

&n 8 i s  proportional t o  the  magnitude of t he  jump 

Figure 30. Change i n  the  cerebral  blood volume 
( AVb,) and in t r ac ran ia l  pressure ( APbl) 

a f t e r  an abrupt change i n  blood pressure 
( APb,) (results of calculat ions) .  
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The f a c t  i s  t h a t  under normal conditions pressure i n  the  venous cerebral  
system i s  low.  
have a value up t o  0.5 mu Hg, i.e.,  it i s  lower than t h a t  of other venous trunks 
of the same cal iber .  Therefore, the change i n  the  height of the  blood column 
by several  centimeters during longi tudinal  g r a v i t a t i o n a l .  s t resses  w i l l  produce 
a subs tan t ia l  change i n  the c ran ia l  venous pressure and w i l l  have p rac t i ca l ly  
no e f f ec t  on the  a r t e r i a l  pressure. This i s  confirmed by the  investigations of 
Gauer and Henry (1964), who establ ished t h a t  with negative accelerations of 10 G 
the venous pressure i n  the cranium r i s e s  to 200 mm Hg and becomes close to 
a r t e r i a l  pressure. During negative acclerat ions of up t o  1 G, the venous pres- 
sure i n  the  cranium, according to our data, increases more than 3-fold, while 
the  a r t e r i a l  pressure increases by several  percent ( t a b l e  4) .  

primarily the venous system. This f a c t  w a s  recent ly  confirmed by the  inves t i -  
gations of Benua e t  a l .  (1966). 
lying below the  threshold of ac t ive  cerebrovascular reactions,  the  cerebral  
blood volume changes according t o  a l a w  close t o  the theo re t i ca l  ( f i g .  31). 
have a l so  observed an exponential re la t ionship  i n  the  cerebral  blood volume when 
the pos i t ion  of the body i s  rapidly changed i n  the  v e r t i c a l  plane during experi- 
ments on f resh  carcasses of animals previously in jec ted  with heparin ( f i g .  3 2 ) .  
Here, unlike the  case of l i v e  animals, t he  exponential re la t ionship  pe r s i s t s ,  
up to the value s i n  0=1. Recording changes i n  the in t r ac ran ia l  pressure simu- 
l taneously with an EPG ( f i g .  31) has shown t h a t  a t  the beginning of the  action, 
i n t r ac ran ia l  pressure increases sharply but then decreases somewhat following 
a l a w  which i s  close to exponential, i .e . ,  the  nature of i t s  changes corresponds 
t o  the  theo re t i ca l  curve described by equation (11) and presented i n  figure 30. 

According t o  Fleisch (1927), pressure i n  the  jugular veins may 

Thus, changes 
i n  the  cerebral  blood volume during negative g rav i t a t iona l  s t resses  a f f e c t  /80 

With f a i r l y  low values of 8 (usual ly  s i n  W0.5) 

We 

The r e su l t s  of the above experiments show tha t  the  r a t e  of compensation of 
changes i n  the blood volume of the craniocerebral  cavity due t o  t he  re lease of 
the CSF in to  the  sp ina l  cavity i s  qui te  l imited because of l imited transmission 
capacity i n  the region of the  foramen magnum. 
are  abrupt, blood volume changes exponentially and the time constant of the 
exponent T serves as an indicator  of this l imi ta t ion  and characterizes the volu- 
metric r a t e  of the compensatory movements of the  CSF. 

When changes i n  blood pressure 

Table 4. RELATIVE CHANGES I N  !lXE ARTERIAL AND VENOUS 
BLOOD PRFSSTJRES OF THE C E R E B R O V A S m  SYS- 
TEM I N  A CAT DURING NFGATIVE GRAVITATIONAL 
.STRESSES. 

.- - - - .. - 

In t ens i ty  of 
negative longi- 
tud ina l  load ( i n  
G) 

__ __ 
0.2 
0.4 
0.6 
0.8 
1.0 

- -. .. 

Relative change i n  pressure 
(percent of normal, mean of 
5 experiments) 

A r t e r i a l  
system 

0 
0 
0 
5 

12 

. 

Venous 
system 

23 
52 
88 
110 
15 5 

_ -  



cm H20 
24 r 

Figure 31. Change i n  the  cerebral  blood 
volume (1) and in t racran ia l  pressure (2)  
of a cat  a f t e r  a sudden change i n  posi- 
t i o n  of the  body from horizontal  t o  ver- 
t i c a l  with the  head down (accelerat ion 
of 0.5 G) . Acute experiment. Time marker 
- 1 sec. 

Figure 32. Change i n  the  cerebral: blood 
volume of a f resh  ca t  .carcass produced by 
an abrupt change i n  tne posi t ion of the 
body. 1. rota t ion  of the  body w i t h  the  
head up; 2. the same with the head down. 
Time marker - 1 sec. 

Experiments performed by us j o i n t l y  with A. A. Shurubura and D. I. Pesemi- 
kova on four representatives of the  ver tebrates  (amphibians, rep t i les ,  birds  
and mammals) and observations on man have shown tha t  the  exponential l a w  of 
change i n  the c ran ia l  cavity blood volume during changes of body posit ions i n  
the v e r t i c a l  plane applies t o  a l l  these animals and man. Although T changes 
within broad l imi t s  not only f o r  representatives of a s ingle  c lass  or order but 
a l so  for representatives of the  same species of experimental animals, information 
obtained frommanyexperiments reveals some s t a t i s t i c a l  tendencies i n  changes i n  
I-. 

For example, T decreases regular ly  i n  some ver tebrates  with the development 
l eve l  of the  CNS. I n  experiments with the same animals, the  establishment of a 
s t ab le  l e v e l  of blood volume i s  more frequent during pos i t ive  grav i ta t iona l  s t resses  
than during negative ones. 

A similar pa t te rn  has been observed i n  man; T changes sharply i n  animals 
i n  a preterminal'  s t a t e  produced by deep anesthesia ( t a b l e  5 ) .  

It i s  possible that  i n  the l a s t  two cases changes i n  the r a t e  of compensa- 
t i on  of the  c ran ia l  cavity blood volume are  due t o  changes i n  the effect ive cross 
section of the  opening which connects the c ran ia l  cavity with the  spinal  cavity. 
I n  the f i rs t  case it i s  due t o  some displacement of the cerebral  mass, while i n  
the  second case it i s  due t o  the developing edema of the  brain. 

,@ 
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Table 5 shows the  mean values of T obtained frm analysis of changes i n  the  
in t r ac ran ia l  EPG l e v e l  a f t e r  sudden changes i n  the  posi t ion of the body f o r  
several  forms of animals. By comparing the  quantity T with the time t required 
for the  blood pressure change t o  reach i t s  m a x i ”  value during the  process under 
study, we can evaluate the correlat ion between the  ra tes  of the process compen- 
sated and the  compensatory movement of the CSF between the  c ran ia l  and spinal  
cavi t ies .  This correlat ion w i l l  be observed when Ht. 

When +t, change i n  the  blood volume of the cerebrovascular system, as follows 
frm equation (9) and (lo), w i l l  r e s u l t  i n  major changes i n  in t r ac ran ia l  pres- 
sure and i n  minor changes i n  the  cerebral  blood volume compared w i t h  changes i n  . 
these parameters when 6t .  Also, t h i s  difference between changes i n  the in t r a -  
c ran ia l  pressure and blood volume w i l l  increase as t decreases. 
i s  confirmed by comparing the  amplitudes of the  pulse and respiratory changes 
i n  in t r ac ran ia l  pressure and cran ia l  cavity blood volume ( f i g .  3 3 ) .  
t o  see tha t  the  r a t i o  of the amplitudes of the pulse waves t o  the  respiratory 
waves on the in t r ac ran ia l  pressure EPG curve i s  0.4, while on the  in t racran ia l  
EPG curve it i s  0.15. In other words, the pulse f luctuat ions a re  more pronounced 
on the f irst  curve, which i s  characterized by a high r a t e  of change i n  pressure, 

The foregoing 

It i s  easy 

while the slow respiratory waves a re  more pronounced on the  second curve. /8$ 

TABI;E 5. MEAN VALUES OF THE TIME CONSTANT T DURING SUDDEN 
CHANGES I N  THE POSITION OF THE BODY I N  SOME 
ANI- AND I N  MAN. 

Subject 

a cat  under urethane 
anesthesia of moderate 
depth 
a cat i n  the  pre- 
terminal s t a t e  

frog 
t u r t l e  
l i z a r d  
chicken 
pigeon 
ca t  
man 

.- 

Load i n  
G 

. _ ~ .  

+0.4 1 -0.4 
-0.4 

} -0.4 

number of inves t i -  
g a t i  ons 

. -. 

12 
10 

9 

7 
8 
12 
7 
8 
10 
6 

time required 
t o  achieve a 
maximum change 
i n  the  cere- 
b r a l  blood vo- 
lume ( sec ) .  

3.6io.L; 
2. P O .  7 

6.Ly1.8 

10.5f2.8 
8.a2.2 
5.2*1.8 
4.s1.2 
2.&1.0 
2.e0.7 
2.~0.6 
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Thus, the  f ac tua l  data confirm the idea expressed above t h a t  the volumetric 
r a t e  of compensation of changes i n  the cerebral  blood volume due t o  movement of 
the  CSF between the  c ran ia l  and sp ina l  cav i t i e s  i s  l imited.  The available infor -  
mation i s  insuf f ic ien t  f o r  quant i ta t ive evaluation of the  volumetric r a t e  of t h i s  
compensation because the experimental data  on the  magnitude of changes i n  the  
cerebral  blood volume obtained by the  method of i n t r ac ran ia l  electroplethysmo- 
graphy can be expressed only i n  r e l a t i v e  uni t s .  However, it i s  obvious t h a t  these 
l imi ta t ions  nay af fec t  t he  canpensation of processes whose duration is  several  
seconds. 

Let us now attempt t o  evaluate the  volumetric p o s s i b i l i t i e s  fo r  t h i s  mechan- 
i s m  of compensation of the  cerebral  blood volume. 

It follows from the  diagram shown i n  f igure 25 t h a t  the magnitude of the 
volumetric l imi ta t ion  of compensation may be evaluated with the help of equa- 
t ion  (11) i f  we t r ace  the relat ionship between changes i n  the  cerebral  blood 
volume AV,, and blood pressure AP i n  the  cerebrovascular system with increase b l  

i n  the  cerebral  blood volume due t o  the act ion of a negative grav i ta t iona l  s t r e s s .  

Figure 3 3 .  
of an in t r ac ran ia l  EPG (1) and i n t r a -  
c ran ia l  pressure (2)  i n  a cat .  Acute 
experiment. 

Time marker - 1 sec. 

Pulse and respiratory waves 

When equilibrium i s  reached i n  the system, i .e. ,  some time a f t e r  a change 
i n  body position, the re la t ionship  between change i n  the  cerebral  blood volume 
and change i n  blood pressure w i l l  be determined by the  following expression 

The equation tha t  determines the  re la t ionship  between AV and AP,, was  

derived by assuming t h a t  the volume compensation p o s s i b i l i t i e s  are  unlimited. 
If this proposit ion i s  valid,  there  must be a d i r ec t  proport ional i ty  between 
changes i n  AV,, and APb, when Q i s  constant. 

bl 

When the volumetric resources of 

the  c ran ia l  or sp ina l  cavi ty  a re  depleted, the  d i r ec t  proport ional i ty  between 
AV,, and AP is  impaired. b l  

Now l e t  us tu rn  to the  r e s u l t s  of the experiments. I n  order t o  t race  the 
proport ional i ty  between the blood pressure changes i n  the cerebral  vessels and 
the c ran ia l  cavity blood volume, we used negative longi tudinal  grav i ta t iona l  
s t r e s ses  which could be produced very quickly. To decrease the  e f fec t  of ac t ive  
reactions by $he cerebrovascular system under such s t r e s ses  the experiments were 
conducted on deeply anesthetized animals. 
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The r e su l t s  obtained i n  t h i s  s e r i e s  of experiments a re  shown i n  f igure 34. 
As we can see from t he  graph, f o r  accelerations of up t o  1.0-1.5 G there  i s  a 
d i r ec t  proport ional i ty  between the  in t ens i ty  of the s t r e s s  and changes i n  the 
c ran ia l  cavity blood volume. I n  other words, the  experimental and calculated 
data  coincide; but as the stress i s  increased further,  the  d i r ec t  proportionali ty 

and APbl i s  disrupted and V 
bl 

between AVbl 

t h a t  the  reserves f o r  t h i s  method of compensation a re  exhausted. 
reason fo r  this  r e s u l t ?  

no longer increases. This indicates 

What i s  the 

It follows from the  diagram shown i n  f igure  25 tha t  the  excess volume of 
the  CSF released from the  c ran ia l  cavity when i t s  blood volume increases s h i f t s  
i n t o  the  sp ina l  cavity. Therefore, the volumetric p o s s i b i l i t i e s  fo r  this  
mechanism of compensation depend, f i r s t l y ,  on the capacity of this cavity and, 
secondly, on the  capacity of t he  reserve spaces i n  the  c ran ia l  cavity. 

Figure 34. 
i n  the  l e v e l  of the in t r ac ran ia l  EFG (AR/R) and 
in t ens i ty  of longitudinal accelerations (G)  . 
Acute experiments on ca ts  i n  a s t a t e  of deep 
ansethesia. The v e r t i c a l  l i nes  show the  95 per- 
cent r e l i a b i l i t y  in te rva ls  of the average values. 

Relationship between r e l a t i v e  changes 

I n  regard t o  the  first factor,  it i s  widely believed t h a t  under normal 
conditions the  sp ina l  cavi ty  does not block the entry of CSF from the  in t r a -  
c ran ia l  cavity. This opinion i s  based on the f a c t  that the  sp ina l  cavity i s  
somewhat e l a s t i c  due t o  the carti laginous connections between the  vertebrae. 
I n  addition, the  capacity of the CSF spaces has cer ta in  reserves by change i n  
the  volume of the  extensive venous sinuses. This point  of view i s  maintained 
by H k t h l e  (1927), Kedrov and Naumenko (1954), Fridman (1957), Moskalenko and 
Naumenko (1957, 1959a, 1964), and other authors. 

It was confirmed by Gilland (1965), who recorded the  relat ionship between 
the  volume of physiological solut ion introduced i n t o  the  sp ina l  cavity and the  
elevation of sp ina l  pressure i n  pa t ien ts  with a complete sp ina l  block at the 
l e v e l  of the  cervical  vertebrae. Gilland showed t h a t  the  sp ina l  cavity has 
marked d i s t ens ib i l i t y .  

71 

I I I  



The r o l e  of the second factor  which limits the volume r a t e  of the mechanism 
of compensation under study: the r e s t r i c t e d  capacity of t he  reserve CSF spaces 
i n  the c ran ia l  cavity--may be evaluated by comparing the  r e s u l t s  of the invest i -  
gations of Rosomoff and Zugibe (1963) w i t h  the data on the volume of CSF i n  the 
subpial  spaces and c i s t e rns  presented by Shamburov (1954). 
established t h a t  the t o t a l  volumes of the blood and CSF i n  the  cranial  cavity are 
equal, respectively, t o  2.26 and 8.92 percent of t he  t o t a l  volume of t h i s  cavity. 
According t o  Shamburov, 40 t o  60 percent of the CSF i s  contained i n  the subpial  
spaces and cis terns ,  which corresponds t o  3.6-5.0 percent of the t o t a l  cranial  
cavity volume. From t h i s  we can conclude t h a t  the volume of blood i n  the cranial  
cav i ty  may increase by not more than a factor  of 2.5-3 i f  such increase i s  due t o  
the movement of the CSF from the subpial spaces and cis terns .  Under actual  con- 
di t ions it seems t h a t  p a r t  of t he  CSF s t i l l  remains i n  t h e  subpial spaces and 
cis terns .  Therefore, the m a x i m u m  possible increase i n  the cerebral  blood volume 
can hardly exceed 100-150 percent. Thus, it i s  f a i r  t o  conclude t h a t  the reserves 
f o r  the compensation of changes i n  the c ran ia l  cavity blood volume due t o  release 
of t he  CSF i n t o  t h e  sp ina l  cavity are apparently l imi ted  by volume of the reserve 
CSF spaces i n  the craniocerebral cavity. 
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Rosomoff and Zugibe 

I n  concluding t h i s  examination of the p o s s i b i l i t i e s  f o r  compensation of 
cerebral  blood volume changes by release of  the CSF i n t o  the sp ina l  cavity, it 
can be s t a t ed  tha t  t h i s  mechanism of compensation permits substant ia l  changes i n  
t h e  cerebral  blood volume but the ra te  of change i s  qui te  limited. 

Section 3.  Relationship Between The Cerebral Blood 
Volume And In t r ac ran ia l  Pressure 

Analysis of t h e  diagram shown i n  f igure 25 reveals t h a t  there  are  two 
mechanisms of compensation of changes i n  the cerebral  blood volume. The first 
i s  associated w i t h  the r e l ease  of a ce r t a in  volume of venous blood from the 
cranial  cavity, while the second involves the movement of CSF i n t o  the spinal  
cavity. These mechanisms have different  functions: one i s  characterized by a 
high r a t e  of compensation but s m a l l  volume capabi l i t ies ,  while t he  other i s  
characterized by a r e l a t i v e l y  low r a t e  of compensation but a high capacity. 
common feature  of these two mechanisms i s  t he  pa r t i c ipa t ion  of t he  CSF. Thus, 
CSF pressure and dynamics may give us s ign i f i can t  information on the action of 
these two mechanisms and consequently on the s t a t e  of the cerebral  blood,flow 
under various conditions. 

The 

Accordingly, i n  t h e  present section, we shall consider the relat ionship 
This matter i s  ;/86 - between the cerebral  blood volume and in t r ac ran ia l  pressure. 

of i n t e r e s t  because i n t r a c r a n i a l  pressure can be eas i ly  recorded i n  experi- 
ments on animals as well  as on man under c l i n i c a l  conditionst 

Duanarco and Rirnini (1947) showed that  

Ryder e t  al. (1953) noted t h a t  

The data on the r e l a t i v e  e f f ec t  of a r t e r i a l  and venous pressures on i n t r a -  
c r an ia l  pressure qu i t e  extensive. 
pressure i n  the  cerebral  venous system, and in t r ac ran ia l  pressure are  the same 
and both vary with the pos i t ion  of ,  t he  body. 
i n t r ac ran ia l  pressure i s  maintainea by the pressure i n  the large veins of the 
cranial  cavity. The authors observed a parallelism between changes i n  sigmoid 
sinus pressure and i n t r a c r a n i a l  pressure. According t o  Lassen (1959), i n t r a -  
c r an ia l  pressure has the  same value as pressure i n  t h e  veins of t he  p i a  maker. 
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Bowsher (1953) and Vasilevskiy and Naumenko (1959) think t h a t  the  l e v e l  
of i n t r ac ran ia l  pressure bas ica l ly  depends more on venous than on a r t e r i a l  pres- 
sure. There a re  a l so  points of view and qui te  convincing f a c t s  t h a t  CSF pres- 
sure depends on the l eve l  of the a r t e r i a l  pressure. The re la t ionship  between 
changes i n  a r t e r i a l  pressure and CSF pressure were noted long ago by Nava- 
l i k h i n  (1874) and Falkenheim and Naunym (1887). 
by l a t e r  invest igators  (Scheinberg, 1958; Ryder and Espey 1952; Ryder e t  al., 
1952; Hodes e t  al., 1953; Shenkin and Novae, 1954; others).  They a l so  mention 
a re la t ionship  between the  l e v e l  of i n t r ac ran ia l  pressure, cerebroar te r ia l  tone, 
and in t ens i ty  of the  cerebral  blood flow. 

This association w a s  confirmed 

Attention should a l so  be given t o  the  data  which show the  absence of a 
relat ionship i n  some cases between cerebroar te r ia l  tone and the l e v e l  of i n t r a -  
c ran ia l  pressure. This w a s  shown by Soklov and Pukhidskiy (1939), who emphasized, 
however, t h a t  d i l a t a t i o n  of the a r t e r i e s  i s  always associated with an increase 
i n  CSF pressure while t h e i r  cons t r ic t ion  i s  associated with i t s  decrease. 
Zlatoverov (1955), using a brain-heart-lung preparation, showed t h a t  sharp r i s e s  
i n  a r t e r i a l  pressure induce a r i s e  i n  in t r ac ran ia l  pressure, but a drop i n  the 
systemic a r t e r i a l  pressure does not cause a drop i n  the  CSF pressure. 

A c lear  example of the absence of a paral le l ism i n  the changes i n  a r t e r i a l  
and CSF f l u i d  pressures, but one which indicates  a close connection between 
changes i n  the  CSF and venous pressure, comes from experiments on dogs i n  which 
pressure changes i n  these systems were recorded during stimulation of the vagus 
nerve (Moskalenko and Naumenko, 1964). During cardiac a r r e s t  the  systemic 
a r t e r i a l  pressure system dropped sharply while the  in t r ac ran ia l  and venous pres- 
sure decreased ins igni f icant ly .  The pulse f luctuat ions vanished but the  respi-  
ra tory  waves pe r s i s t ed  ( f i g .  35). When cardiac a c t i v i t y  w a s  res tored and a r t e r i a l  
pressure rose f o r  a short  time period, the CSF and venous pressures increased 
s i m u l t  aneous l y  . 
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Thus, the data now avai lable  show t h a t  the l e v e l  and changes i n  in t r ac ran ia l  
pressure depend f i r s t  on the  l e v e l  and changes i n  pressure i n  the cerebral  venous 
system, which determines the minimum value of the in t r ac ran ia l  pressure. 

A fac tor  of secondary importance i s  a r t e r i a l  pressure, which a f f ec t s  the 
l e v e l  of in t r ac ran ia l  pressure both i n  the  d i rec t ion  of i t s  increase as wel l  as 
i n  the d i rec t ion  of i t s  decrease, but not below a l e v e l  d ic ta ted  by venous 
pressure. 

I n  addi t ion t o  the vascular fac tors  which a f f ec t  the  in t r ac ran ia l  pressure, 
we must a lso take i n t o  account the r o l e  of the processes of secret ion and re -  
sorption of CSF. Change i n  the  volume of the CSF produced by change i n  the r e -  
la t ionship  between the rate of i t s  secret ion and resorption, may sometimes have 
a profound e f f e c t  on in t r ac ran ia l  pressure.  
shuwed t h a t  when urea i s  introduced i n t o  dogs thereby producing dehydration of 
the  brain, the  in t r ac ran ia l  pressure drops on the average from 120 t o  64 mm %O. 

However,under normal conditions the  r a t e s  of secret ion and resorpt ion of the 
CSF are  small and the cor re la t ion  between them changes very l i t t l e .  This i s  
responsible f o r  a ce r t a in  constant consti tuent of the  in t r ac ran ia l  pressure 

Thus, McQueen and Jeanes (1964) 
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1eTielwhich serves as a background f o r  changes i n  the  CSF pressure which a re  
determined by the  a r t e r i a l  and venous pressures. 

Figure 35. 
blood pressure i n  the  s a g i t t a l  sinus ( 2 ) ,  and a r t e r i a l  
pressure ( 3 )  when the vagus nerve i s  stimulated. 
Acute experiment on dogs. 

Changes. i n  i n t r ac ran ia l  pressure (l), 

Time marker - 1 sec. 

A l l  the  material  examined indicates  t h a t  i n t r ac ran ia l  c i rcu la t ion  i s  i n  a 
As  shown above (page 65), 

/88 
constant s t a t e  of dynamic in te rac t ion  w i t h  the  CSF. 
the  relat ionship between changes i n  the  blood volume and CSF volume i n  the 
closed c ran ia l  cavity, at any moment of time, i s  determined by the  expression 

The relat ionship between blood pressure and CSF pressure i s  more complex: 

Equation (l3a) r e f l ec t s  the  t o t a l  e f f ec t  of the a r t e r i a l  and venous systems 
on the CSF pressure. However, these systems have d i f fe ren t  s t ructures  and 
we should expect, therefore, t ha t  t h e i r  r e l a t i v e  e f f ec t  on the CSF pressure w i l l  
not be the  same. To  understand the reason f o r  the d i f fe ren t  e f f ec t  of pressure 
changes i n  the a r t e r i a l  and venous systems on the  CSF pressure, we s h a l l  examine 
the  character is t ics  of the  in te rac t ion  of each of these systems with the  CSF 
system. It i s  evident from the  diagram sham i n  f igure  25 t h a t  the  e f f ec t  of 
blood pressure changes i n  the cerebrovascular system on the  CSF pressure i s  
achieved i n  the  following manner: change i n  blood pressure + change i n  the  
cerebral  blood volume + primary change i n  the  CSF pressure + change i n  the  CSF 
volume within the  c ran ia l  cavity 4 secondary change i n  the  CSF pressure, f lu id .  

According t o  this  diagram the  e f f ec t  of blood pressure changes i n  the 
a r t e r i a l  and venous systems on the  CSF pressure i s  mediated by volume changes 
i n  each of these systems. 
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A r t e r i a l  blood pressure i n  the cerebrovascular system i s  high. I n  the 
a r t e r i e s  a t  the base of the cranium it i s  70-80 percent of the average a r t e r i a l  
pressure (Feruglio, 1954; Kotel'nikov, 1962). I n  the medium-sized and small 
p i a l  a r t e r i e s  the pressure drops 40-50 percent (Symon e t  al., 1963). Therefore, 
intravascular pressure i n  the a r t e r i e s  ensmes the m a x i "  blood volume of the  
system f o r  a given e l a s t i c i t y  of t he  vascular w a l l ;  under these conditions the 
a r t e r i e s  have a c i rcu lar  cross section. I n  t h i s  case, when the  tone of the 
a r t e r i e s  i s  constant, the  re la t ionship  between changes i n  the  volume of the 
a r t e r i a l  system and the  blood pressure i n  it i s  approximately determined by the  
expression 

41.a  N a AP 9 -- 
1, - = P, ' 

where CY i s  the d i l a t a t i o n  coeff ic ient  of distension of t he  a r t e r i a l  w a l l .  It 

w i l l  be remembered t h a t  the walls of the cerebral  a r t e r i e s  a r e  thinner than those 
of the same cal iber  a r t e r i e s  i n  other pa r t s  of the body, which a f f ec t s  tine values /89 

a 

of CYa. 

Since the  value of cya i s  small, the transmission of a r t e r i a l  blood pressure 

t o  the CSF f l u i d  must r e s u l t  i n  a subs tan t ia l  reduction. The extent of t h i s  
reduction apparently depends on the tone of the a r t e r i e s  ( f i g .  36). 

Unlike the  s i t ua t ion  i n  the  a r t e r i a l  system, the blood pressure i n  the  cere- 
According t o  Belekhova (1958), the average blood b r a l  venous system i s  low. 

pressure i n  cerebral  sinuses i n  ca ts  and dogs i s  of the order of 10 cm %O. 

Similar  values are  c i t e d  by Lassen (1959). I n  view of t h i s  ra ther  low in t e rna l  
pressure, the venous system i s  far from being f i l l e d  with the  maximum amount of 
blood, so  t h a t  the cross sec t ion  of large venous t r u n k s  has the form of an e l l i -  
pse ra ther  than of a c i r c l e .  The venous sinuses a re  known t o  have cross sections 
which d i f f e r  subs tan t ia l ly  from t h a t  of a c i r c l e .  For t h i s  reason a change i n  
the  blood volume of the venous port ion of the cerebrovascular system does not 
require  much force because change i n  the  value of the venous system i s  not caused 
by change i n  the perimeter of the  vascular wall--only the  shape of the vessels 
i s  changed ( f i g .  36). Consequently, the transmission of venous blood pressure 
t o  the CSF must take place with much smaller losses than the transmission of 
a r t e r i a l  blood pressure.  As we s a w  above, t h i s  i s  confirmed by a great  amount of 
experimental data. The cor re la t ion  between blood pressure changes i n  the  cerebro- 
vascular system may be expressed by the following equation 

where Kt i s  the  pressure transmission coeff ic ient .  For the  

has a value of the  order of 0 .1whi le  f o r  the  venous system 
According to equation ( l ja) ,  Kt a l so  depends on the r a t e  of 

t a r t e r i a l  system, K 

it i s  close t o  1. 
change i n  Pbl. 

I 
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A s  i s  evident from equation (lo), a factor  which a f fec ts  the CSF, i n  addi- 
t i o n  t o  a r t e r i a l  and venous pressures, i s  the  e l a s t i c i t y  of the sp ina l  cavity 
a,nd the conditions f o r  the  release of the  CSF i n  it. 

Thus, the  CSF pressure and dynamics during various reactions a re  determined 
both by the  balance between the blood-pressure l e v e l  i n  the cerebral  vessels and &I 
t h e i r  tone and by the  s t a t e  of CSF release i n t o  the  sp ina l  cavi ty  and the  e l a s t i -  
c i t y  of t h i s  cavity. This i s  i n  agreement with the  ideas of several  invest igators  
(Ryder e t  al., 1952; Hodes e t  al., 1953; Shenkin and Novac, 1954) on the relat ion-  
ship between the  CSF pressure sp ina l  f luid,  and the  s t a t e  of cerebral  blood flow 
because the  l a t t e r  depends on the  same fac tors  as the  CSF pressure. 
t h i s  re la t ionship i s  not c lear  because for example, an increase i n  the  cerebral  
blood volume i n  r e l a t ion  t o  the factors  which produce it may e i ther  improve or 
impair the  cerebral  c i rculat ion.  

However, 

The charac te r i s t ics  of the  relat ionship between the dynamics of the .CSF 
pressure and i t s  re lease  i n t o  the sp ina l  cavity t h r o w  l i g h t  on the  ro l e  of the 
CSF i n  protecting the  cerebrovascular system and bra in  t i s sue  from various mech- 
an ica l  effects,  as demonstrated by several  investigations (Vasilevskiy and 
Naumenko, 1959; others).  
disturbances which occur as a r e s u l t  of impact, shaking, coughing, sneezing, etc., 
the  sharp r e f l ex  increases i n  in t r ac ran ia l  pressure pro tec t  the  cerebrovascular 
system from excessive d i l a t a t ion  and help t o  cushion these disturbances. This 
charac te r i s t ic  
with respect t o  the  bra in  I n  
the  vivid phrase of Lassen (19591, during such act ion the  CSF ac ts  as an "ant i -  
gravi ty  su i t "  for  t he  brain.  A similar idea has been expressed by other in-  
vest igators .  
t he  t h i n  wa l l so fvesse l s  i n  the  p i a  mater from excessive d i l a t a t ion  when the  
intravascular pressure increases, while Wyburn (1960) ' c a l l s  the CSF a special  
"water su i t "  which protects  the  brain from mechanical i r r i t a t i o n s .  

Indeed, when we have rapidly r i s i n g  but short-l ived 

of the  in t r ac ran ia l  c i rcu la t ion  a l so  plays a protect ive ro le  
when gravi ta t iona l  s t resses  ac t  on the  organism. 

For example, Rusher  e t  al.  (1947) believe t h a t  the CSF protects  

S 

Figure 36. Relationship between 
intravascular pressure (P) and 

P area of blood-carrying vessels 
(59. 1. Portion of re la t ionship 

I 

b[ I 2 ,  1 
rela t ing  t o  absence of change i n  vessel  perimeter; charac te r i s t ic  for  
changes i n  venous volume. 2. Portion corresponding t o  change i n  
vessel  perimeter; charac te r i s t ic  for  change i n  a r t e r i a l  volume. 

Analysis of mechanisms responsible f o r  change i n  the  CSF pressure i n  the 
c ran ia l  and spinal  cav i t ies  and movement of the  f l u i d  between these cavi t ies  
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has l ed  us t o  conclude t h a t  t he  cerebral  blood supply within cer ta in  limits 
does not dependon the  l e v e l  of t he  cerebral  blood volume, or on the  blood pres- 
sure i n  the  cerebral  vessels .  
(1965), who analyzed the  s t ruc ture  of the cerebral  venous system and came t o  
the conclusion t h a t  there  i s  "automatic" control  of t he  cerebral  blood f l o w  with- 
out pa r t i c ipa t ion  of the ac t ive  mechanisms. 

This idea w a s  recent ly  confirmed by Kopylov 

The nature of the  associat ion between the  cerebral  blood supply and a r t e r i a l  
blood pressure may be explained i n  the  following manner. Ignoring the ac t ive  
reactions of t he  cerebral  vessels,  the  graph i n  f igure  27, which shows the  solu- 
t i o n  of equation ( 5 ) ,  may be changed by subs t i tu t ing  f o r  t he  quant i ty  W, which 
characterizes the  t o t a l  hydrodynamic res i s tance  of the cerebral  vessels, the  i n -  
t e n s i t y  of the cerebral  blood flow1, i t s  conjugate cha rac t e r i s t i c  and by sub- 
s t i t u t i n g  f o r  the  volume of the  a r t e r i a l  system the  mean blood pressure i n  the 
cerebral  arteries.The resu l t ing  re la t ionship  i s  shown i n  f igure  37. The same 
f igure  shows the  in t r ac ran ia l  pressure cuT.ve. I n  t h i s  case the conditions fo r  
venous re lease  a re  assumed t o  be unchanged. 

& 

A s  we can see i n  f igure  37a, i n  the  range of l o w  blood pressure values i n  
the  cerebral  vessels  the  CSF pressure i s  low and in su f f i c i en t  t o  ensure the  
re lease  of the f l u i d  i n t o  the  sp ina l  cavity.  Therefore, i n  t h i s  region the  CSF 
pressure and the  in t ens i ty  of t he  cerebral  blood flow increase i n  proportion t o  
the r i s e  i n  blood pressure.  S ta r t ing  with ce r t a in  blood pressure values ( t h e  
l e f t  boundary of region b), the  CSF pressure becomes high enough t o  ensure i t s  
compensatory re lease  i n t o  the  sp ina l  cavity.  Hence, the steepness of the change 
i n  CSF pressure decreases. I n  t h i s  region the  i n t e n s i t y  of the  blood flow a l s o  
ceases t o  increase because ~ increase i n  the volume of the ar ter ia l  system i s  
caused not only by the  re lease  of CSF i n t o  the sp ina l  cavi ty  but a l s o  by some 
increase i n  i t s  pressure, which decreases the volume of the venous system and 
consequently increases it hydrodynamic resis tance.  The r igh t  boundary o f  region 
b corresponds t o  exhaustion of the p o s s i b i l i t i e s  f o r  volume compensation of the 
cerebral  blood volume due t o  the re lease  of the  CSF i n t o  the sp ina l  cavity.  A 
fur ther  increase i n  a r t e r i a l  pressure r e s u l t s  i n  a subs tan t ia l  increase i n  i n t r a -  
c ran ia l  pressure and decrease i n  in t ens i ty  of t he  blood flow due t o  cons t r ic t ion  
of the cerebral  veins. 

Figure 37. Relationship between the  in-  
t e n s i t y  of cerebral  blood f l a w  (1) in t r a -  
c r an ia l  pressure (Pl), and blood pressure 

i n  the  cerebral  a r t e r i e s  (Pa).  
i n  t he  t ex t .  

Explanation 
I 

4 I 
_ _  ~ 

- .  

1 
Since we are  taking i n t o  account here the p o s s i b i l i t y  of CSF movement between 

the  c ran ia l  and sp ina l  cav i t ies ,  the  showing the re la t ionship  between the  
in t ens i ty  of cerebral  blood flow and of blood pressure ( f i g .  37) i s  the  envelope 
of a family of parabolas ,corresponding t o  d i f f e ren t  volumes of CSF i n  the  c ran ia l  
car i ty .  
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Thus, the  curves presented i n  f igure  37 show t h a t  because of the  compen- 
sa tory  movement of t h e  CSF the  in t ens i ty  of cerebra l  blood f l o w  may not depend, 
within cer ta in  limits, on blood pressure changes i n  the cerebrovascular system 
or on the  cerebral  blood volume level. This conclusion i s  confirmed by experi- 
mental data  obtained during a study of c ran ia l  cavi ty  blood volume dynamics 
under the  influence of longi tudinal  accelerat ions (Moskalenko e t  al., 1964a, 
1964b, 1964~) .  

/92 

A s  we pointed out above, there  i s  a l i nea r  re la t ionship  between the  cerebral 
blood volume and longi tudinal  accelerat ion i n  the case of man and animals under 
anesthesia of medium depth when the  s t r e s s  i s  increased to 0.4-0,6 G. 
indicates  an absence of ac t ive  react ions by the  cerebrovascular system during 
such s t resses  and, consequently, t h a t  with change i n  cerebral  blood volume due 
t o  such s t resses ,  t he  cerebral  blood supply remains p r a c t i c a l l y  unchanged. 

This 

Figure 38. Dynamics of the cerebral  blood volume 
l e v e l  i n  man during negative (1) and pos i t i ve  (2 )  
accelerations of 0.4 G a f t e r  an extended s t a y  i n  
a hor i z  ont a1 posi t ion.  

Time marker - 1 sec. Other symbols a re  explained 
i n  the  t ex t .  

Furthermore, it has been observed i n  many experiments t h a t  the  cerebral  
blood volume l e v e l  under normal conditions i s  not en t i r e ly  s tab le .  Thus, when 
a longi tudinal  accelerat ion s t r e s s  i s  applied t o  an animal t h a t  has remained a 
long time ( a t  l e a s t  30 minutes) i n  a horizontal  posit ion,  the  cerebral  blood volume 
l e v e l  does not usual ly  r e tu rn  to i t s  i n i t i a l  value as happens a f t e r  a l l  repeated 
s t r e s ses  i n  the  same d i rec t ion  which follow each other after in te rva ls  of 1-2 
minutes. It takes on a v a h e  intermediate between t h e  i n i t i a l  value and the  one 
observed a t  the  moment when the react ion takes place ( f i g .  38). Comparison of the 
dynamics of the cerebral  blood volume l e v e l  a f t e r  the act ion of pos i t ive  and nega- 
t ive longi tudinal  grav i ta t iona l  s t r e s ses  reveals t h a t  the  cerebral  blood volume 
may vary under normal conditions within cer ta in  limits aa ( f i g .  38) and yet  not 
a f f ec t  t he  cerebral  blood supply. 

There are  a l so  d i r ec t  experimental proofs of the f a c t  t h a t  t he  in tens i ty  of 
cerebral  blood flow does not vary when the  changes i n  a r t e r i a l  and venous pres- 
sures are  not too  sharp. 

accompanied by changes i n  the  cerebral  blood f l a w .  
i n  human beings by Shroeder (1953) and Lassen (1959). 

Thus, Dewar e t  a l .  (1953) establ ished t h a t  s l i g h t  changes 
i n  a r t e r i a l  pressure which occur over a f a i r l y  long period of time are  not /93 

Similar e f f ec t s  were noted 
Jacobson e t  al. (1963) 
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showed t h a t  t he  cerebral  blood f l o w  changes l i t t l e  during a slow pressure change 
i n  the  superior vena cava. I n  t h i s  case changes i n  the  CSF pressure had no 
e f f e c t  on t h e  r e s u l t s  obtained. 

These f a c t s  confirm the  conclusion as t o  the  existence of a mechanical s tab i -  
l i z a t i o n  of cerebral  blood flow which w a s  reached after analyzing the  curves 
shown i n  f igure  40. 
c i t e d  d id  not record the  cerebrovascular tone. Therefore, the  e f f ec t  they ob- 
served may wel l  have been due to the  ac t ive  react ions of t he  cerebral  vessels, 
because recent  s tudies  (papela and Green, 1964; Lassen, 1964; others) have shown 
tha t  there  ex i s t s  a system of ac t ive  automatic s t ab i l i za t ion  f o r  the cerebral. 
blood flow. This suggests t h a t  the  r e l a t i v e  s t a b i l i t y  of cerebral  blood f l m  
caused by the  relat ionship shown i n  f igure  37 i s  only one of t he  manifestations 
of t h e  automatic regulat ion of cerebral  blood f l o w .  
t i o n  i s  a l s o  more-or-less ensured by the  act,ive reactions of the cerebral  vessels.  

However, it should be borne i n  mind t h a t  the  invest igators  

Such automatic self-regula- 

The re la t ionship  between the values of the in t r ac ran ia l  and a r t e r i a l p r e s -  
s u e s  permits us t o  define more prec ise ly  the'concept of the  r i g i d i t y  of the  
c ran ia l  cavity. This concept i s  frequently used i n  works on in t r ac ran ia l  c i rcula-  
t ion .  By changing s l i g h t l y  the  form of the  diagram shmn i n  f igure  25, the in t e r -  
act ion of the  ar ter ia l  system and the CSF may be represented i n  the form of a 
model consisting of two volumes: an in t e rna l  volume with a w a l l  d i l a t a t i o n  
coef f ic ien t  and a volume surrounding it with a w a l l  d i l a t a t ion  coeff ic ient  of 

a2. The in t e rna l  Volume corresponds to t he  cerebroar te r ia l  system and i s  f i l l e d  

with blood under pressure P1, while t he  external  volume i s  l imited by the  brain 

case and i s  f i l l e d  with CSF under pressure P2. These forces w i l l  obviously be i n  

equilibrium provided t h a t  P1/P2=a2/al. 

it can be s t a t e d  t h a t  CY XY I n  other words, t he  equivalent e l a s t i c i t y  of the 

b ra in  case under normal conditions exceeds the  e l a s t i c i t y  of the  a r t e r i a l  w a l l .  
This equivalent e l a s t i c i t y  of the c ran ia l  cav i t  i s  apparently made up of the 

t ions  of blood re lease  from the  cranium and CSF re lease  i n t o  the  sp ina l  cavity.  

I n  view of t he  ac tua l  re la t ionship  between a r t e r i a l  blood and CSF pressures,  

2 1' 

dura mater and other e l a s t i c  c r an ia l  formation J . It a l so  depends on the condi- 
/94 

Thus, owing to the  existence of above mechanisms of compensation of cerebral  
blood volume, the  r i g i d i t y  of the c ran ia l  cavi ty  has ra ther  symbolic significance,  
because under normal. conditions the  i n t a c t  c r an ia l  cavi ty  i s  equivalent t o  an 
e l a s t i c  membrane. 

1 

coef f ic ien t  of d i l a t a t ion .  
coef f ic ien t  f o r  t he  dura mater i s  4.0-4.5d05 dyne acm2. 

The modulus of e l a s t i c i t y  i s  a parameter which i s  reciprocal  i n  value to t h e  
According t o  Flexner e t  a l .  (1932), the  value of t h i s  
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I n  summarizing t h i s  sect ion w e  should l i ke  t o  emphasize once again t h a t  a l l  
the data  considered here indicate  t h a t  there  i s  a constant dynamic in te rac t ion  
between the in t r ac ran ia l  c i rcu la t ion  and the  CSF present i n  the cerebral  and 
sp ina l  cav i t ies .  This in te rac t ion  makes it poss ib le  f o r  there  t o  be changes 
i n  the  blood volume of the  closed c ran ia l  aci ty ,  and thus permitt ing a physiologi- 
c a l  control  of cerebral  blood flow. 

The charac te r i s t ics  of t h i s  in te rac t ion  determines the  re la t ionship  between 
changes i n  the  t o t a l  cerebral  blood volume and the  r a t e  of change i n  blood pres- 
sure  or  vascular tone, as wel l  as a degree of s t a b i l i z a t i o n  i n  t he  i n t e n s i t y  of 
c r an ia l  blood flow during moderate f luctuat ions of blood pressure.  

It w i l l  be noted tha t  t he  indices considered--pressure i n  the  a r t e r i a l  and 
venous systems of the  brain, the  e l a s t i c i t y  of these systems and the  e l a s t i c i t y  
of the  c ran ia l  and sp ina l  cavities--do not exhaust a l l  t he  fac tors  which a f f ec t  
the  pressure of the CSF i n  the c ran la l  cavity. For example, we did not ,d i scuss  
the  e f f e c t  of the  rates of secret ion and resorpt ion of CSF on i t s  pressure, 
assuming t h a t  under normal conditions the e f f e c t  of t h i s  f ac to r  i s  ins igni f icant  
when compared with the e f f ec t  of other fac tors  considered above. However, i n  
ce r t a in  i so l a t ed  cases, pa r t i cu la r ly  i n  pathological states, th i s  f ac to r  may 
play a much more s igni f icant  role .  

Section 4. On Some Other Possible Mechanisms O f  Campensation 
O f  Changes I n  The Cerebral Blood Volume 

The preceding sections have analyzed mechanisms of compensation of changes 
i n  the cerebral  blood volume whose existence i s  determined by the  diagram shown 
i n  f igure  25. However, as we have already noted, t h i s  diagram r e f l e c t s  only 
the  hydrodynamic propert ies  of the in t r ac ran ia l  c i rcu la t ion .  Therefore, t h i s  
sec t ion  w i l l  present some f a c t s  which point  t o  the  existence of other mechanisms 
which cannot be predicted by analyzing the  diagram shown i n  f igure  25. 

Other possible  mechanisms a re  suggested by the data  t h a t  we obtained when /95 
invest igat ing changes i n  the cerebral  blood volume produced by the act ion of 
vasodilators,  which a f f ec t  both the  cerebral  and the. sp ina l  vascular systems to 
the  same extent.  I n  these cases compensation of t he  increase i n  the  cerebral  
blood volume by the rel.ease of CSF i n t o  the  sp ina l  cavi ty  i s  impeded. 

It i s  common knowledge t h a t  one of t he  most e f f ec t ive  vasodi la tors  i s  car- 
bon dioxide, which causes an intense d i l a t ion  of cerebral  vessels  when i t s  
concentration i n  the blood i s  increased. Figure 39 shows changes i n  the  blood 
volume level i n  the c ran ia l  cavi ty  and sp ina l  cord i n  a ca t  asphyxiated during 
aq acute experiment (Moskalenko and Naumenko, 1959a). It i s  evident t h a t  soon 
a f t e r  the s t a r t  of the  action, increase i n  c ran ia l  cavi ty  blood volume resu l ted  
i n  the re lease  of CSF i n t o  the sp ina l  cavity.  However, several  minutes l a t e r  
the  sp ina l  cavi ty  blood volume a l so  began t o  increase.  

We obtained these f ac t s  on the simultaneous increase i n  the  blood volumes 
of t he  c ran ia l  and sp ina l  cav i t ies  i n  collaboration with A. I. Naumenko using 
other vasodi la tors  (nitroglycerin,  diuret in ,  histamine). When these substances 
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act, the  follawing, pa t t e rn  occurs, as i n  the  case when CO i s  inhaled: a t  first 

there  i s  a reciprocal  re la t ionship beween the changes i n  blood volumes of t h e  
sp ina l  cavities, but  then t h e  sp ina l  cavity blood volume a l so  begins t o  increase. 

2 

Figure 39. Change i n  the  blood volume of t h e  
. intracranial  (1) and sp ina l  (2)  cavi t ies  of a 
c a t  durfng asphpia t ion .  Acute experiment. 
Arrows indicate  the beginning and end of 
suffocation. 

A t  t he  start of t he  reaction, t he  nature of blood volume changes i n  the  
c ran ia l  and sp ina l  cav i t ies  i s  consistent with t h e  mechanism of compensation of 
changes i n  the  cerebral  blood volume based on the  diagram i n  f igure  25. 
t he  second phase of the  reaction, simultaneous increase i n  t h e  blood volume of 
t he  in t r ac ran ia l  and sp ina l  cavi t ies ,  shows t h a t  t h i s  compensation takes place 
i n  some other way when there  i s  a simultaneous act ion on t h e  vascular system of 
the bra in  and of the  sp ina l  cord. 

/96 
However, 

During the  dozens of years when in t r ac ran ia l  c i rcu la t ion  was investigated, 
several  possible mechanisms of compensation were suggested. Some of them, f o r  
example the  assumption t h a t  perimeningeal fat and cerebral  substance become com- 
pressed during the  increase i n  in t r ac ran ia l  pressure, a re  obviously untrue. 
assumption of compensatory resorption of CSF in to  the  venous system when the  
cerebral  blood volume increases (Bowsher, 1958) and re lease  of t he  CSF i n t o  the  
subarachnoid sheaths of the craniocerebral  nerves appears more r e a l i s t i c .  

The 

The p o s s i b i l i t y  of the  f irst  of these methods of compensation i s  supported 
by data on the  existence of r e l a t ive ly  act ive resorption of the  CSF i n t o  the  venous 
system when the  f lu id  pressure increases (Guttman, 1936; Alov, 1953; Bedford, 1955; 
Vasilevskiy and Naumenko, 1959; others).  
i n t r ac ran ia l  pressure by pressing the  abdomen accelerates the entry of Na2t ( i n -  
troduced i n t o  the  c i s te rna  magna) in to  the  blood. 

Bowsher (1958) found tha t  incre  sing 

The resorption of CSY when the  cerebral  blood volume i s  Gcreased should re- 
sult i n  f a i r l y  rapid release of the CSF when the  blood volume decreases or when 
t h e  vasodilatory react ion ceases. However, CSF i s  known to be produced ra ther  
slowly. The r e su l t s  of measuring the value of CSF secret ion presented by d i f -  
f e r n t  authors differ substant ia l ly;  fo r  example, f o r  dogs the values obtained 
range from 8 to 300 ml/day (Dixon and HalliburAon, 1916; Frazier and Peet, 1914; 



Alov, 1950; Vasilevskiy and Naumenko, 1959). 
we f ind  tha t  the  production of CSF spinal  f l u i d  i s  not more than 0.2 ml/min 
because the volume of the  CSF i n  the subpial spaces, cisterns,  and cerebral 
ventr ic les  of dogs i s  12-18 ml (Fridman, 1957). Thus, during a period of 1 min- 
u t e  not more than 1 t o  2 percent of the volume of CSF i s  produced. This calcu- 
l a t ion  shows t h a t  such a mechanism of compensation i s  a ra ther  slow. Neverthe- 
less,  we cannot exclude the poss ib i l i t y  t ha t  t h i s  mechanism plays a ro le  i n  
compensating changes i n  the c ran ia l  cavity blood volume when CO and other 

vasodilators act .  The reaction to these vasodilators develops over a r e l a t ive ly  
long period of time. 
takes place slowly. 

Even i f  we take the maximum value, 

2 

The restorat ion of the i n i t i a l  blood volume l eve l  a l so  

During the vasodilator reactions which a f fec t  simultaneously the  vascular /97 
systems of the  brain and the sp ina l  cord, .a ro l e  may be played by a compensation 
mechanism such as the  release of the CSF in to  the  subarachnoid sheaths of t he  
craniocerebral nerves, which, according t o  Ahrens ( 1913) , are  a continuation of 
t he  subarachnoid space of the c ran ia l  cavity. Vasilevskiy and Naumerlro (1959) 
showed tha t  radioactive isotopes introduced i n t o  the  subarachnoid space penetrate 
rapidly in to  the  sheaths of the  craniocerebral nerves. However, the capacity 
of t h i s  seem qui te  limited. 

I o h  M 

Figure 40. 
cerebral  vessels (a) and p i a l  vessels (b)  and 
i n  oqgen  tension of the corresponding par t s  
of the brain i n  mari when a gaseous mixture con- 
ta ining 10 percent C02 i s  inhaled. 1. blood 

volume; 2. oxygen tension. The arrows indicate  
the  beginning and end of the  action. 

Change i n  the blood volume of deep 

Time marker - 10 sec. 
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During such reactions some increase i n  the  cerebral  blood volume may a l so  
take place due to distension of the  dura mater i n  the places where it i s  not 
immediately adjacent to the  c ran ia l  bones and a l so  due to t he  d i l a t a t ion  of other 
e l a s t i c  formations i n  the  c ran ia l  cavity. 

An in te res t ing  pa t te rn  which points to t he  poss ib i l i t y  of s t i l l  another 
method of compensating changes i n  the  cerebral  blood volume when there  i s  a 
simultaneous d i l a t a t i o n  of both the  c ran ia l  and sp ina l  vessels was noted when 
a comparison was made of the EFG curves recorded from surface and implanted elec- /98 
trodes i n  man during the inhalation of a gaseous mixture containing 10 percent 

C02. While the EFG recorded from subdural electrodes r e f l e c t s  a subs tan t ia l  in-  

crease i n  the  blood volume of the p i a l  vessels, the EFG recorded from deep 
electrodes shows some decrease i n  the blood volume of the  vessels of the white 
and gray matter ( f i g .  40). 
p i a l  vessels in inha la t ion  of CO may be effected i n  p a r t  by a decrease i n  the 

blood volume of t h e  deep cerebral  regions. 
l a t t e r  decrease i s  the  r e s u l t  of mechanical compression due to an increase i n  the 
blood volume of the  p i a l v e s s e l s  or whether it i s  due to spec ia l  ac t ive  reactions 
of t h e  in t e rna l  cerebral  vessels  to t h i s  stimulation. 
cannot rule out t he  p o s s i b i l i t y  t h a t  th i s  i s  s t i l l  one other method of compensatory 
changes i n  t h e  cerebral  blood volume. 

In other words, compensation of the blood volume 

2 

It i s  d i f f i c u l t  to say whether t he  

I n  any case, however, we 

Section 5. Simulation O f  The In t r ac ran ia l  Circulatory System 

The mater ia l  presented i n  the preceding sections shows t h a t  the behavior 
of the in t r ac ran ia l  c i rculatory system i s  i n  agreement with the diagram sham 
i n  f igure  25. However, w e  have thus fkr  considered only par t icu lar  re la t ion-  
ships observed i n  experiments. 
diagram, ure s h a l l  have to determine t o  what extent it agrees vi th  t h e  system 
under study as a whole. 
ga te  a model of t h e  in t r ac ran ia l  c i rcu la t ion  i n  which the  charac te r i s t ics  of 
t h e  system shown i n  figure 25 could be programmed. 
elucidating circulatory mechanisms i s  becoming increasingly popular. 
of individual elements of the circulatory system a re  very common (Noordergraaf 
e t  al., 1963; Zlatoverov, 1964; C l a r k  e t  al., 1965; others) because by using 
simulation it i s  possible to ver i fy  ce r t a in  hy-potheses as wel l  as to study t h e  
parameters o f . t h e  systems which cannot be invest igated i n  experiments on real 
objects. It a l so  uncovers new problems fo r  fur ther  investigation. Therefore, 
the simulation of t he  in t r ac ran ia l  c i rcu la t ion  should a l so  be looked upon as 
preparation f o r  the fur ther  invest igat ion of this p a r t  of the vasculas system. 

To demonstrate the appl icabi l i ty  of t he  proposed 

One possible approach to such an evaluation i s  to inves t i -  

T h i s  method of verifying and 
Analog models 

I n  this  connection l e t  us now consider one possible method. I n  the  simula- 
t i o n  of the in t r ac ran ia l  c i rculatory system that we car r ied  out j o i n t l y  with 
V. V. Menshutkin we used the diagram i n  f igure  25 as t h e  basis f o r  t h e  model, 
taking i n t o  account t he  following character is t ics .  

/99 

1. The in t r ac ran ia l  cavity has a cer ta in  volume f i l l e d  with CSF ana this 
volume changes with change i n  the  volume of the  cerebrovascular system due to 
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cer ta in  l imited e l a s t i c  deformations of the dura mater and other e l a s t i c  cranial  
formations and as well  as t o  the  release of the  CSF in to  the subarachnoid sheaths 
of t he  craniocerebral nerves. 

P a r t  of the CSF may overflow from the  c ran ia l  cavity i n t o  the spinal  cavity 
and back. 

2. The volumes of the a r t e r i a l  andvenous blood i n  the  c ran ia l  cavity de- 
pend on the relat ionship between the  a r t e r i a l ,  in t racranial ,  and venous pressures 
and on the  e l a s t i c i t y  of the  a r t e r i a l  and venous w a l l s .  

3 .  Aside fram the hydraulic res is tance of the  capi l la r ies ,  which i n  the  
present work i s  assumed t o  be constant, the  in tens i ty  of blood f l a w  through the  
brain depends on the  difference i n  pressures between the flow i n t o  the  capi l la r ies  
and outflow f r o m  them. These pressures a re  determined both by the  a r t e r i a l  and 
venous pressures a t  the  entry t o  the c ran ia l  cavity and by the hydraulic resistance 
of blood vessels. This i n  turn i s  s igni f icant ly  re la ted  t o  the  cross section of 
these vessels and consequently t o  the  volumes f i l l e d  with blood. 

4. It i s  assumed t h a t  t he  volume of f l u i d  i n  the  spinal  cavity may change 
due t o  the e l a s t i c i t y  of t h i s  cavity and t o  fluctuations i n  the  volume of the  
venous vessels s i tua ted  i n  t h i s  space. The dynamics of these quant i t ies  i s  
s igni f icant ly  re la ted  t o  the pressure of the CSF i n  the  spinal  cavity and t o  
the blood pressure i n  the venous system of t h i s  cavity. 

Since information on the  system being simulated i s  basical ly  of a qual i ta-  
t i v e  ra ther  than a quant i ta t ive nature, it cannot be eas i ly  described at present. 
The use of analog devices i s  a lso undesirable because they a re  bulky and not 
very f lex ib le .  
l a t i o n  (Novic, 1965) which makes it possible t o  describe a fbnctionally complex 
system without exhaustive information on the character is t ics  of a l l  i t s  elements. 
I n  t h i s  par t icu lar  problem it i s  necessary t o  evaluate only  the  general nature 
of t he  dynamics of the system under various external conditions. 

We therefore s e l e c t e d t h e  method of functional and log ica l  simu- 

Let us consider t h e  system as a f i n i t e  automatic device (Glushkov, 1962). 
Let us fur ther  assume tha t  cer ta in  s t ruc tu ra l  elements can be i so la ted  i n  the 
system, i .e. ,  t h a t  the system can be presented as a composite one consisting 
of a f i n i t e  number of automatic devices. 

I n  t h i s  treatment it is  assumed tha t  a l l  the variables contained i n  the 
system must be determined on the basis of f i n i t e  sets .  I n  other words, each 
var iable  may assume only one value from a s e t  of predetermined discrete  values. 
These values a re  assigned only numbers (using the  octonary system for  the  con- 
venience of subsequent programming) i n  order of increasing quantity. The 
scale  and physical un i t s  of measurement are  unimportant i n  t h i s  approach. 

E 

The block diagram of the  model i s  shown i n  f igure 41. If we consider the 
system t o  be a s ingle  f i n i t e  automatic device, then i t s  s t a t e  i s  determined by 
the  states of the  component automatic devices Ac, Vc, Le, Qc, Vs, Ls, ICS i n  
combination. The input quant i t ies  are  the values of the a r t e r i a l  pressure pa, 
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venous pressure pv i n  the  c ran ia l  cavity, and the  venous pressure pq i n  the 
sp ina l  cavi tv  a t  a given moment. The output quant i ty  i s  t h e  flow of blood 
through the bra in  Q. Consideration of the system i n  the form of a s ingle  
f i n i t e  automatic device would natural ly  be extremely cumbersome and impractical. 
For this reason the  elementary automatic devices were kept separate. 

The s t a t e  of the autanat ic  device Ac i s  determined by the  relat ionship 
between the  pressure i n  the  a r t e r i a l  vessels and t h e i r  volume. It i s  assumed ' 

here t h a t  t he  a r t e r i a l  vessels have a nonlinear deformation charac te r i s t ic  when 
the  intravascular  pressure i s  high (Savitskiy, 1956). 

The automatic device Vc describes the  behavior of venous vessels i n  r e l a t ion  
t o  the venous and CSF pressures. The venous vessels a r e  assigned the  property 
of react ing passively t o  the  difference between the external  pressure ph and the  
in t e rna l  pressure pv with a ce r t a in  time delay. 

The automatic device Le simulates the  re la t ionship  between CSF pressure 
i n  the  c ran ia l  cavity, changes i n  the  volume of t he  a r t e r i a l  and venous vessels, /101 
f luctuat ions i n  in t r ac ran ia l  volume, and CSF flowing over i n t o  the  sp ina l  cavity 
or i n  the  r'everse direct ion.  The charac te r i s t ics  of the  c ran ia l  cavity e l a s t i c  
deformations are  assumed t o  be d i f f e ren t  with high and low CSF pressures. 

The movement of CSF from the  c ran ia l  cavity i n t o  the  spinal  cavity or 
back depends on the  difference i n  pressures between the CSF i n  the  c ran ia l  and 
spinal  cav i t ies  ph-ps. Some axiount of time i s  required t o  obtain a noticeable 

, flow of f l u i d  j when the  pressure difference i s  constant. This indicates  t h a t  
t he  r a t e  of flow of t he  CSF between the c ran ia l  and sp ina l  cav i t ies  i s  l imited.  
This time becomes smaller the  grea te r  the  drop i n  pressure.  After the  external  
forces have ceasedto act ,  the  f l a w  of the  CSF stops very quickly and the  de- 
ce le ra t ion  i s  l e s s  than the accelerat ion time. I n  the construction of a t ab le  
f o r  the t r ans i t i ons  of the automatic device I c s ,  consideration w a s  a l so  given 
t o  the f a c t t h a t  the resis tanoe t o  the flow i n  the  d i rec t ion  of the  c ran ia l  cavi ty  
i s  l e s s  than i n  the  opposite direct ion.  T h i s  i s  confirmed by data presented 
i n  t ab le  5.  

Changes i n  t h e  volume of t he  sp ina l  cavity i n  r e l a t i o n  t o  pressure changes 
i n  it, f luctuat ions i n  the  volume of the  venous vessels, and overflow of the 
CSF from the c ran ia l  space a re  rea l ized  i n  the automatic device Ls. The sp ina l  
cavi ty  i s  assigned the  capacity fo r  e l a s t i c  deformations over the  e n t i r e  permissi- 
b l e  range of distension, and t h e  pliancy of t h i s  cavi ty  i s  subs tan t ia l ly  higher 
than t h a t  of the  c ran ia l  cavity.  

It i s  assumed that  the re la t ionships  which determine the  changes i n  the 
s t a t e  of t h e  venous vessels  i n  t h e  sp ina l  cavity ( t h e  automatic device V s )  a r e  
i n  pr inc ip le  analogous t o  the relat ionships  which determine the changes i n  the  
s t a t e  of t he  cerebral  venous vessels  ( t h e  automatic device Vc). 

The operation of t he  automatic devices micy be described by means of a matrix 
for t he  t r ans i t i ons  or by means of a graph. 
of the  automatic device Ac ( f i g .  42). 
corresponding values pa and wa. 

A s  an example we present the  graph 
Each s t a t e  of the a r t e r i a l  vessels has 

A t o t a l  of 35 s t a t e s  i s  considered (43 i n  the  



octonary system). 
For example, when the  a r t e r i a l  pressure increases t o  12, t he  automatic device 
passes from s t a t e  17 t o  s t a t e  7 while t he  volume of the a r t e r i a l  vessels increases 
t o  7. On t h e  other hand, when the  a r t e r i a l  pressure remains constant, t h e  auto- 
matic device goes i n t o  the s t ab le  s t a t e  20 from the same i n i t i a l  s t a t e .  

The permissible t r ans i t i ons  a r e  designated by the  arrows. 

The above simulation was carr ied out on the Minsk-2 electronic computer 
(Polenov Neurosurgical I n s t i t u t e  i n  Leningrad). 
i s  shown i n  f igu re  43. 
memory of the computer and then sends t h e  parameters of t h e  i n i t i a l  s t a t e  t o  
the  operational uni ts .  
operators controll ing the  transit5on of t he  individual automatic devices t o  the  
next s t a t e .  Thus, operator 3 prepares data on changes i n  the a r t e r i a l  pressure, 
as an input f o r  the automatic device Ac. The input of t h e  automatic device Vc 
i s  the difference between the  venous and i n t r a c r a n i a l  pressures (operator 
input of the automatic device Vs i s  analogous (operator 6), and t h i s  input takes 
i n t o  account t he  pressure i n  the spinal  cavity. The input quant i t ies  f o r  auto- 
matic devices Le and Ls a r e  the corresponding changes i n  the volumes of t he  
c ran ia l  and spinal  cavi t ies  and also t h e  movement of t he  CSF between them (opera- 
t o r s  5 and 7).  

The block diagram of the program 
The operator 1 introduces t h e  program i n t o  the operational 

Operator 2 transmits control i n  a de f in i t e  sequence t o  
/10: 

4) ; the 

Operator 8 determines the s t a t e  of the input f o r  t h e  automatic device ICS 
which depends on the difference i n  pressures ph-ps. The cerebral  blood flow Q 
i s  the output of automatic device Qc whose input consists of data on the a r t e r i a l  
and venous pressures and on the s t a t e  of t h e  cerebral  venous and a r t e r i a l  vessels 
(operator 9 ) .  

After the s t a t e  of the input of the next automatic device i s  prepared, con- 
t r o l  i s  turned over t o  the operator who seeks the  corresponding element i n  the 
matrix for  t he  t r ans i t i ons  of t h e  pa r t i cu la r  automatic device. 
t h e  next l i n e  i n  t h e  conversion t ab le  while operator 11 compares the i n i t i a l  
s t a t e  of the automatic device and s t a t e  of the output with the data read from 
t h e  table .  If these coincide, the next s t a t e  of the automatic device and t h e  
value of the output i s  remembered. If they do not coincide, operator 10 reads 
the next l i n e  or l i n e s  u n t i l  t he  required information i s  obtained. After t h i s  
control i s  turned over t o  operator 2, which starts the automatic devices i n  the  
assigned sequence. 

Operator 10 reads 

& 

When all the  automatic devices of t h e  system go over t o  the  next s ta te ,  

Otherwise, 
operator 2 t ransfers  control t o  operator 12, which brings the  system t o  a s top 
14 i f  t he  input t ab le s  of t he  system (pa, pv, pq) are  exhausted. 
control i s  turned over t o  operator 13. This oFerator sends the  parameters of 
t h e  new s t a t e  of t he  system t o  the operating units,  and the en t i r e  cycle i s  
repeated. 

The operation of t he  above model was investigated by solving several  ex- 
amples simulating actions t h a t  were very throughly studied i n  experiments. 
l a w  f o r  change i n  the inputs of the model was assigned and the behavior of t he  
individual elements was  compared with the corresponding processes recorded i n  
a r e a l  experiment. It was  found t h a t  when the  pressures at the inputs of the 
model corresponding t o  pulse fluctuations were changed, the model reproduced 
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the pulse f luctuat ions i n  CSF pressure i n  the c ran ia l  cavity and i n  the spine; 
these f luctuat ions were similar i n  shape t o  the c u v e s  obtained experimentally 
( f ig .  52). The dynamics of t he  amplitude and shape of these f luctuat ions when 
simulating the ac t ion  of pos i t ive  and negative accelerations a re  consistent 
with the  data obtained i n  r e a l  experbents  i f  there  are  no act ive reactions of 
t he  cerebral  vessels.  The model a l so  reproduces well  the automatic regulation 
of the  " in tens i ty  of cerebral  blood f l o w "  when the  parameters of t he .  " a r t e r i a l "  
and "venous" inputs of t he  model a re  changed within cer ta in  limits. 

Figure 41. 
i n t r ac ran ia l  c i rculat ion represented as a 
composition of f i n i t e  automatic devices. 

Ac--automatic device responsible for  change 
i n  the  volume of the  a r t e r i a l  system i n  re-  
l a t i o n  
automatic device responsible f o r  changes 
i n  the venous system volume i n  r e l a t ion  t o  
the venous blood pressure and the  CSF pres- 
sure i n  the  c ran ia l  cavity; Lc--automatic 
device responsible fo r  changes i n  the  CSF 
f l u i d  pressure i n  the  c ran ia l  cavity i n  
r e l a t ion  t o  the  a r t e r i a l  and venous system 
volumes; Ls--automatic device responsible 
for  changes i n  CSF pressure i n  the sp ina l  
cavity as i n  r e l a t ion  t o  CSF movement from 

the  c ran ia l  cavity and i n  r e l a t ion  t o  the venous system volume i n  the  spinal  
cavity;  Qc--automatic device responsible fo r  changes i n  the  in t ens i ty  of cerebral  
blood flow as i n  r e l a t ion  t o  blood pressure difference a t  the  entry of t he  art- 
e r io les  and e x i t  of the  venules; ICs--automatic device responsible fo r  changes 
i n  the movement of the  CSF between c ran ia l  and sp ina l  cav i t ies  i n  r e l a t ion  t o  
the  differences i n  pressures i n  these cavi t ies ;  pa, pv, pq--inputs of the  auto- 
matic device--ar ter ia l  and venous pressures i n  the cranium and spine; &--output 
of the automatic device--intensity of cerebral  blood flow; ph, ps--CSF pressure 
i n  the  c ran ia l  and sp ina l  cav i t ies ;  j--CSF volume overflowing from the  c ran ia l  
cavity i n t o  the sp ina l  cavi ty  and back; wa, wv and wq--arterial  and venous sys- 
tem volumes i n  the  c ran ia l  cavity and venous system volume i n  the  spinal  cavity. 

Block diagram of a model of the  

+@ t o  t he  blood pressure there;  Vc-- 

1 

The model goes quickly i n t o  a s tab le  closed cycle from any permissible 
i n i t i a l  s ta te .  
input quant i t ies .  

This cycle corresponds t o  a de f in i t e  l e v e l  of f luctuat ions i n  the 

Thus, a comparison of data obtained with the model with the  r e su l t s  of ex- 
periments on real subjects shows t h a t  the  model can be ten ta t ive ly  used t o  ex- 
p l a in  the a c t i v i t y  of the  in t r ac ran ia l  c i rculatory system and tha t ,  consequently, 
t he  ideas on which the diagram shown i n  f igure  25 i s  based correspond t o  the  
t r u e  p ic ture  of t h e  phenaena that occur i n  the system under study. 

/104 

87 



Figure 42. 
octonary system). 
volume of the  a r t e r i a l  syskem, respectively.  Other 
explanations a re  i n  the  t ex t .  - 

Graph of an automatic device Ac ( i n  an 
ta and wa a re  the  pressure and 

Figure 43. 
t he  system shown i n  f igure  41 on a Minsk-2 computer. 
The explanation i s  i n  the  tex t .  

Block diagram of a program for simulating 
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CONCLUS I O N  

I n  se t t i ng  out t o  elucidate the mechanisms of compensation of changes i n  
the blood volume of the closed cranial  cavity, we presented a simplified diagram 
showing the s t ruc tu re  of the in t r ac ran ia l  c i rcu la tory  system ( f i g .  25) and on 
the basis  of this diagram we suggested two probable mechanisms of such compensa- 
t ion .  

of two mechanisms and to determine t h e i r  r a t e  and volume capabi l i t ies .  
agreement of the experimental data with the r e s u l t s  of calculations and with 
simulation i s  grounds f o r  assuming t h a t  t he  diagram shown i n  f igure 25 correct ly  
r e f l ec t s  the t r u e  p i c tu re  of t he  hydrodynamic re la t ionships  between the f lu ids  
contained i n  the closed c ran ia l  cavity. 

Analysis of t h e  available experimental da ta  enabled us to prove the existence 
The 

It follows from our data t h a t  t he  conditions of i n t r ac ran ia l  c i rculat ion 
do not d i f f e r  from those of the c i r cu la t ion  i n  other p a r t s  of the body and 
organs thanks to the  mechanisms of compensation of changes i n  the cerebral  blood 
volume. Indeed, according t o  the  general ideas on the biophysics of the c i r -  
culatory system (Beier, 1960), t he  blood volume l e v e l  i n  any p a r t  of the body 
i s  determined by the  re la t ionship  between t h e  forces created by blood pressure 
which distend the vascular w a l l  and the  forces of counterpressure on the ves- 
s e l s  produced by t h e  t i s sues  which surround them. The forces of i n t e rna l  pres- 
sure and counterpressure are d i r e c t l y  proportional t o  each other. The i n t r a -  
c r an ia l  c i rcu la tory  system i s  a l so  subjected to d e f i n i t e  counterpressure by the 
CSF. The l e v e l  of t h e  cerebrovascular blood volume i s  determined by the relat ion-  
ship between the forces which d i l a t e  the i n t r a c r a n i a l  vessels (blood pressure) 
an? the forces of counterpressure (CSF) . 

However, t he  in t r ac ran ia l  c i r cu la t ion  has ce r t a in  d i s t inc t ive  features.  
I n  the f irst  place, t he  nature of the re la t ionship  between the in t e rna l  d i l a t ing  
forces and counterpressure i s  such t h a t  it a l s o  depends on the r a t e  of change i n  
intravascular pressure. This re la t ionship  becomes apparent when blood pressure 
changes a re  rapid. 
slow changes i n  intravascular pressure, the change i n  cerebral  CSP pressure 
i s  r e l a t i v e l y  small. Thus, the s t r u c t u r a l  cha rac t e r i s t i c s  of the in t r ac ran ia l  
c i r cu la t ion  as schematically shown i n  f igure 25 are  e s sen t i a l ly  equivalent t o  
some cha rac t e r i s t i c s  of t he  re la t ionship  exis t ing between t h e  forces of i n t r a -  
vascular pressure and the forces of counterpressure on the  in t r ac ran ia l  vessels. 

I n  the second place,due t o  t he  movement of the CSF during 
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The data considered i n  the present chapter make it possible t o  describe 
the nature of some changes spec i f i c  to t he  cerebra l  c i rculat ion which a r i s e  w d e r  
t h e  influence of accelerations.  I n  describing these changes we s h a l l  r e l y  only on 
an analysis of the diagram shown i n  f igure 25, assuming t h a t  the a c t i v i t y  of 
other p a r t s  of t h e  cardiovascular system remains constant during t h i s  time. 

As we pointed out above, when longitudinal accelerations a c t  on an organism, 
t h e  forces a f fec t ing  t h e  blood f l o w  move i n  t h e  same d i rec t ion  as t h e  blood under 
the  influence of pe r f i s ion  pressure. Furthermore, additional forces p a r a l l e l  
t o  t h e  spine also a c t  on the  CSF there, causing it t o  move upward or downward. 
Therefore, when longikudinal accelerations a r e  acting, we must expect, first,  
changes i n  t h e  cerebra l  blood volume and secondly changes i n  the e f f ic iency  of 
t h e  mechanisms of compensation of i t s  blood volume. 
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I n  the case of negative accelerations which cause the cerebral  blood volume 
t o  increase, the f irst  mechanism i s  blocked. This a f fec ts  f i r s t  the compensation 
of rapid changes i n  the  cerebral  blood volume. A t  the  same time the  compensating 
release of CSF in to  the sp ina l  cavi ty  i s  somewhat impeded. As  a resu l t ,  when 
negative accelerations acting, along with an increase i n  the  cerebral  blood volume 
due t o  deter iorat ion i n  the release of the  blood from the  cranium, we must a l so  
expect disturbances of the compensation of changes i n  the  blood volume, par t icu-  
l a r l y  those forms of it caused by rapid processes t o  such as pulse waves. A l l  
of t h i s  gives us a basis  f o r  assuming t h a t  when negative accelerations a re  acting, 
there  w i l l  be marked disturbances of the  cerebral  blood supply with a l l  of the  
resu l t ing  consequences. 

The ac t ionofpos i t i ve  s t resses  i n  accordance with the  diagram shown i n  f igure  
25 w i l l  cause the c ran ia l  cavity blood volume t o  decrease while the eff ic iency 
of the mechanisms of compensation of changes i n  the blood volume increases. There- 
fore,  disruption of the cerebral  blood supply due t o  the impariment of blood flow 
w i l l  not be as pronounced as i n  the case of negative s t r e s ses .  Compensation of 
changes i n  the cerebral  blood volume during the  act ion of pos i t ive  accelerations 
w i l l  be more e f fec t ive  than under normal conditions. 

Thus, spec i f ic  changes i n  the in t r ac ran ia l  c i rcu la t ion  during negative acce- f g 6  
l e ra t ions  w i l l  aggravate the disruptions i n  the  cardiovascular sys tem, whereas 
during pos i t ive  grav i ta t iona l  s t resses  they w i l l  promote the  compensation of the 
observed changes. 

A s  f o r  t ransverse accelerations,  analysis of the  d i a g r a m  shown i n  f igure  25 
makes it d i f f i c u l t  for us t o  expect subs tan t ia l  changes i n  the  in t r ac ran ia l  c i r -  
culat ion.  Presumably such act ion w i l l  somewhat a f f ec t  t he  eff ic iency of the  
mechanisms of compensation of t he  cerebral  blood volume because transverse acce- 
le ra t ions  r e s u l t  i n  a red is t r ibu t ion  of the f lu ids  i n  the  c ran ia l  cavity. 

Consequentzy, during transverse accelerations changes i n  the in t r ac ran ia l  
c i rcu la t ion  depend pr imari ly  on the e f f ec t  of -&.is f ac to r  on the cent ra l  port-  
ions of t h e  cardiovascular system, whose pecu l i a r i t i e s  w i l l  be considered below. 

It i s  possible  t h a t  i n  the  processes t h a t  take place the  in t r ac ran ia l  
c i rcu la t ion  during gravi ta t iona l  s t r e s ses  a p a r t  i s  played by other mechanisms 
of compensation of changes i n  the  c ran ia l  cavi ty  blood volume. These mechanisms 
were b r i e f l y  discussed i n  sect ion 4. 
s h a l l  show tha t  the p r inc ipa l  r o l e  i n  the  compensation of changes i n  the blood 
volume of the closed c ran ia l  cavity i n  man and animals under normal conditions 
and during gravi ta t iona l  s t resses  i s  played by the very mechanisms suggested 
by the  diagram. 

However, i n  the subsequent chapters we 



CHAPTER 3 .  FEATURES OF INTRACRANIAL PULSATION UNDER 
N O m  CONDITIONS AND DURING INCREASED GRAVITY 

It i s  known t h a t  one of the  basic  mechanisms of the  circulatory system i s  
the  pulsat ing nature of blood flow, which i s  conditioned by the  rhythmical beat 
of the  hear t .  Pulsating f luctuat ions of a r t e r i a l  pressure cause changes i n  the  
pooling of blood i n  pa r t s  of the  body and organs as wel l  as var ia t ions i n  the  
r a t e  of blood flow i n  vessels.  According t o  the  data  of Wiggers (1954) and 
Savi tskiy (1956), pulsat ion i s  propagated via the  vascular network down t o  the 
capi l la ry  network; i n  some cases, even capi l la ry  blood flow has a pulsating 
character.  Pulsating f luctuat ions of blood pooling i n  pa r t s  of the  body and 
organs not i n  d i r ec t  proximity t o  the hear t  which can be recorded plethysmo- 
graphically ( including electroplethysmography or  EPG) correspond i n  form t o  f luc  
tuat ions i n  a r t e r i a l  pressure as a ru l e  ( see  f i g .  44).  

Figure 44. 
an in t r ac ran ia l  EPG and the  in t racran ia l  
pressure i n  a dog compared t o  EPG pulsa- 
t ions and a r t e r i a l  pressure i n  a rear  
extremity. 

Features of the pulse waves of 

Acute t e s t .  1. EPG of a rear  extremity; 
2. a r t e r i a l  pressure i n  the femoral a r te ry ;  
3. an in t r ac ran ia l  E; 4. in t racran ia l  
pressure. Duration: 1 sec. 

It i s  t o  be expected tha t  the pulsat ing nature of blood f l a w  i s  a l so  character- 
i s t i c  of the in t r ac ran ia l  system of blood circulat ion.  However, the question of 
pulsat ion i n  the  hermetic cavity of the  cranium i s  one of the  most controversial  
problems i n  the physiology of i n t r ac ran ia l  c i rculat ion.  

For many decades, the  existence o f  cerebral  pulsat ion was considered t o  be 
established, based on observations of animals with exposed brains (Quincke, 1872; 
Richt, 1846; Pirogov, 1964; Nagel', 1889,; Verigo, 1905; Hbthle , l927;  Sepp, 1928). 
During cerebral  pulsation, per iodic  f luctuat ions i n  in t racran ia l  pressure Were 
recognized which could be accompanied by changes of cerebral  blood pooling. 

The assumed presence of cerebral  pulsat ion was contradicted by a multitude 
of i n  v ivov i su la  observations of s m a l l  vessels, a r te r io les ,  and cap i l l a r i e s  of 
the  bra in  (Donders, 1851; Ackerman, 1858; Navalikhin, 1874 ; Leyden, 1886 ; Riser, 
1936; Forbes and Cobb, 1938; Alov, 1950 and others) .  These observations showed 
t h a t  when the  c ran ia l  cavity wasclosedblood flow i n  a r t e r io l e s  and cap i l l a r i e s  
was uniform and did not undergo any surging or acceleration. 
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Recently, a number of authors (Klosovskiy, 1951; Sigward, 1954; Brain, 1957; 
Volobuyev, 1965 and others) have conducted experiments designed t o  observe cere- 
b r a l  pulsat ion when the  bra in  cavity i s  closed. Here, Klosovskiy, using an "air 
bubble" method, Volobuyev, observing a pa t i en t  with a c ran ia l  defect covered by 
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plexiglass,  and Sigward, using contrast  roentgenoscopy (X-ray spectroscopy) found 
t h a t  pulsation i s  absent i n  a c losedcrania l  cavity. Brain arr ived a t  the  same 
conclusion. 

Along with these investigations,  a number of works have been published i n  
which the answer t o  the  question of cerebral  pulsat ion has been pos i t ive  (Kedrov 
and Naumenko, 1954; Bering, 1955; Naumenko, 1956; Beer e t  a l .  1956; Belekhova, 
1959; Moskalenko, 1961; Naumenko e t  a l .  1962 and others) .  These authors observed 
pulsed f luctuat ions of blood pooling and CSF pressure i n  a c losedcrania l  cavity, 
which indicated pulsed var ia t ions i n  the blood flow i n  cerebral  vessels.  How- 
ever, the  curves of the  above f luctuat ions subs tan t ia l ly  d i f fe red  i n  form from 
curves of the  peripheral  pulse ( see  f i g .  44).  
i n t r ac ran ia l  pulsat ion with the  volumetric per ipheral  pulse, which t o  a cer ta in  
degree discourages acceptance of the  existence of pulsat ion i n  the  closed cranial  
cavity. 

This does not permit equating 

Thus, there  present ly  ex i s t  two points of view r e l a t i v e  t o  the question of 
pulsat ion i n  theclosed cran ia l  cavity. One of these, which i s  based on da ta  ob- 
ta ined by ind i rec t  methods of observing cerebral  vessels, i s  negative. The other, 
which is  based on data  obtained by recording in t r ac ran ia l  pressure and the  i n t r a -  
c ran ia l  E E ,  i s  posi t ive.  I n  the most fundamental investigations involving in t r a -  
c ran ia l  pressure, Klosovskiy (1951) and Sigward (1954) on one hand and Kedrov 
and Nawnenko (1954) on the  other do not analyze the reasons f o r  the contradiction 
of data on the  presence of cerebral  pulsat ion obtained by d i f f e ren t  methods. 
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Because of th i s ,  i n  t h i s  chapter we w i l l  present an analysis of periodic 
var ia t ions i n  the  in t r ac ran ia l  c i rculatory system caused by pulse f luctuat ions 
i n  systemic a r t e r i a lp re s su re  and w i l l  attempt t o  c l a r i f y  the  question of the ex- 
is tence and features  of i n t r ac ran ia l  pulsat ion under normal conditions and during 
the action of grav i ta t iona l  forces.  

Section 1. The Pulsation of Cerebral Arter ies  

There ex i s t  data  to the  e f f ec t  t ha t  blood f l a w  undergoes subs tan t ia l  changes 
a t  the  entry points of a r t e r i a l  trunks leading to the  c ran ia l  cavity.  Klosovskiy 
( 1951) persuasively demonstrated t h a t  pulsed f luctuat ions of pressure i n  cerebral  
a r t e r i e s  a re  s ignif icant ly .decreased compared t o  pressure f luctuat ions i n  extra- 
c r an ia l  a r t e r i a l  trunks of the  same s ize .  

Using the  method of HGth le  we obtained similar data during the simultaneous 
recording of pulsed f luctuat ions of blood pressure i n  the  common carot id  a r t e r y  
and i n  a r t e r i e s  of the cranium. A s  i s  evident i n  f igure 45, the  amplitude of 
pulsed f luctuat ions of blood pressure i n  c ran ia l  a r t e r i e s  i s  subs tan t ia l ly  de- 
creased. 
i .e . ,  i s  decreased i n  comparison to the  value of pulsed f luctuat ions of pres- 
sure  i n  the  carot id  a r t e ry  by a fac tor  of 1.5-4.0. 
f luctuat ions a l so  undergoes subs tan t ia l  changes, which are  expressed i n  the  spec- 
trum of pulse curves. 

I n  dogs and cats  (according t o  our data), it i s  equal t o  30-60 mm Hg, 

The form of these pulsed 
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Figure 45. Changes i n  the 
parameters of pulsed f luctuat ions 
of blood pressure i n  arterial 
trunks leading t o  the  c ran ia l  
cavity. 

Acute experiment on a dog accord- 
ing t o  H%thle. a. pulse pressure 
waves i n  the  carot id  a r t e ry  (1) 
and i n  a r t e r i e s  leading t o  the  
cranium (2) ;  b. harmonic com- 
posi t ion of these waves. w - n 
ordinal  number of harmonics; 

'k - -relationship of the  ampli-  

, -  

, .  , 

, .  
. .  

, .  
. -  - 

s1 
tude of "k-th" harmonic t o  the ..-. : 
amplitude of t he  first. Duration: , .  

1 see. 

What i s  the reason for the  attenuation of pulse amplitude and a change i n  
its spec t ra l  charac te r i s t ics  a t  the  en t ry  point  of t he  a r t e r y  i n t o  t h e  cranium? 
Klosovskiy (1951) considers $hat a decrease i n  pulsat ion i s  caused by the  

/110 
smoothing act ion of siphons (or bends) i n  the  in t e rna l  caro t id  and vertebral 
axterieswherethey enter  the c ran ia l  cavity and a l so  by the  branching of the 
network of vessels of the p i a  mater. 
(1956). 
siphon i s  suspended by eight  e l a s t i c s t r a n d s i n  the  sinus cavernosa, which can 
a l so  result i n  addi t ional  attenuation of pulse f luctuat ions of a r t e r i a l  blood 
pressure i n  siphons. Such an influence by siphons i n  cerebral  regional a r t e r i e s  
i s  en t i r e ly  possible, since t h e  smoothing phenomenon of a pulsat ing f l a r  of 
f luid i n  bent tubing i s  one of t he  c l a s s i ca l  laws of hydrodynamics. 

A l i k e  point  of view is held by Savitskiy 
Recently, S r e s e l i  and Bol'shakov (1962) demonstrated t h a t  a pulsat ing 
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However,' t he re  axe a subs tan t ia l  number of objections against  t h i s  point  of 
view. 
caro t id  and ver tebra l  a r t e r i e s  vary s igni f icant ly  not only i n  various animals and 
man, but a l so  i n  pa r t i cu la r  species. I n  a number of cases, these siphons a re  
generally absent (Mikhaylov, 1965) . Recently, Mchedlishvili and Ormotsadze 
(1962) established t h a t  regional a r t e r i a l  trunks by-pass the  sinus cavernosa i n  
rabbi ts .  
subs tan t ia l  r o l e  i n  var ia t ions Zn the  pulsed f luctuat ions of blood pressure where 
arterial trunks enter t h e  cranium. This yould suggest t h a t  var ia t ions i n  t h e  
magnitude of the  attenuation of pulsed f luctuat ions of arterial pressure. are 
a l so  s ignif icant ,  particularly.when compared t o  attenuation i n  such animals as 
the  ca t  and rabbit. 

For instance, it i s  known t h a t  t he  s t ruc ture  of t he  siphons of i n t e rna l  

Therefore, t he  question a r i s e s  t h a t  given a-qatomic formations play a 

Hawever, t he  l a t t e r  i s  not confirmed by our data. 

There are other possible  reasons f o r  changes i n  pulse f luctuat ions of pres- 
sure i n  t h e  cerebral  a r t e r i a l  system. One i s  that  blood reaching the  cranium 
feeds i n t o  a system of cerebral  vessels whose t o t a l  area surpasses t h e  sum of 
the  cross sections of the  in t e rna l  caro t id  and ver tebra l  a r t e r i e s .  
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An increase i n  a r t e r i a l  cross sect ion i n  the  c ran ia l  region must inevitably 
r e s u l t  i n  the smoothing of rapid changes i n  pressure and a decrease i n  t h e i r  
amplitude. A d i r ec t  confirmation of t h i s  i s  the  data mentioned above concerning 
the  subs tan t ia l  gradient of mean pressure where a r t e r i a l  trunks enter the  crani-  
um. 

Another possible reason for weakened pulsat ion i n  c ran ia l  a r te r ies ,  and 
' especial ly  changes i n  i t s  spectrum, i s  the unsynchronized a r r i v a l  of pulse waves 
i n  vessels leading t o  the cranium from the  in t e rna l  caro t id  and ver tebra l  a r t e r -  
i e s .  
(Lebedev, 1964; Medvedev, 1964) which means t h a t  i n  a r t e r i e s  leading t o  the 
cranium, the  pulse wave does not a r r ive  simultaneously since the length of ver- 
t eb ra l  a r t e r i e s  somewhat exceeds the length of the  carotids.  We have not com- 
posed accurate data on the  r e l a t ive  d ispar i ty  i n  the length of i n t e rna l  carot id  
and ver tebra l  a r t e r i e s .  However, i f  the  length of the l a t t e r  i s  even 15-20 
percent greater, the time difference i n  the  a r r i v a l  of a pulse wave from the  sys- 
tem of in te rna l  and carot id  a r t e r i e s  w i l l  be commensurate with the  anacrotic 
duration of the  a r t e r i a l  wave, which a l so  can influence the  form and amplitude 
of waves i n  a r t e r i e s  leading t o  the  cranium. 

Actually, the propagation r a t e  of a pulse wave i n  a r t e r i e s  i s  6-11 m/sec /111 

Finally, one addi t ional  reason f o r  the attenuation of pulse waves i n  cranial-  
based a r t e r i e s  i s  the damping action of the  brain, i .e . ,  the  energy of pulse 
f luctuat ions of blood pressure i n  a r t e r i e s  leading t o  the  cranium i s  dispersed by 
a s l i g h t  displacement of the brain mass. The consequence of t h i s  i s  a decrease 
i n  pulse f luctuat ions and a smoothing of t h e i r  form. Data supporting such a 
weakening mechanism of pulsat ion i n  cranial-based a r t e r i e s  show tha t  under 
normal conditions even minor acceleration magnitudes, f o r  instance longitudinal 
accelerations of 0.4-0.6 G, can occasionally produce a displacement of brain 
mass (Moskalenko e t  a l .  1964). 
mass permits the analysis of electropolarogram curves recorded from a point 
electrode implanted i n  cerebral  t i s sue .  
has been confirmed by i n - s i t u  microscopy, the  presence of pulse waves on an 
electropolarographic curve can only be explained as the r e s u l t  of synchronous 
( r e l a t i v e  t o  cardiac ac t iv i ty)  displacements of brain mass r e l a t ive  t o  the  
electrode. The a r t i c l e  by Naumenko e t  al .  (1962) a l so  indicates  the  occurrence 
of pulsed displacements of brain mass. 

The occurrence of a pulsed displacement of brain 

Since blood flow i n  cerebral  cap i l l a r i e s  

The above possible reasons f o r  decreased amplitude and a transformation i n  
the  form of pulse f luctuat ions of blood pressure i n  cerebral  a r t e r i e s  would thus 
indicate  the  substant ia l  r o l e  played i n  t h i s  process by the  anastomosis of the  
in t e rna l  carot id  and ver tebra l  a r te r ies - - the  c i r c l e  of W i l l i s ,  which suggests 
t h a t  t h i s  anatomic formation plays a s igni f icant  functional ro le .  The l a t t e r  i s  
in te res t ing  i n  connection with c i r c l e  of W i l l i s  flunetions which were long ago 
discussed i n  the l i t e r a tu re .  I n  recent investigations devoted t o  t h i s  problem, 
methods of mechanical and e l e c t r i c a l  analog modeling have been employed (Avmak 
and Bering, 1961; Murray, 1964; Clark e t  a l .  1965; Himwich e t  a l .  1965). Thus 
far ,  however, there  i s  no unanimous opinion as t o  whether the  c i r c l e  of Wil l is  
i s  a simple anastomosis which increases the r e l i a b i l i t y  of cerebral  blood 
supply or whether t h i s  information plays a yet  more s igni f icant  functional role .  
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To determine whether the  c i r c l e  of Wil l is  par t ic ipa tes  i n  the  conversion 
of pulse f luctuat ions of a r t e r i a l  pressure, we conducted experiments using a 
hdyromechanical model of t h i s  formation. 

The model was made of rubber tubing with an e l a s t i c i t y  coeff ic ient  close 
t o  tha t  of a vascular w a l l  and connected to a system similar i n  s t ruc ture  
t o  c ran ia l  a r t e r i e s .  A 15 percent difference i n  the  length of the  incoming 
tubes and double flexures modeling the  siphons of the  in t e rna l  carot id  a r t e r i e s  
was introduced i n t o  the  model. The pressure i n  t h i s  system w a s  maintained a t  
100-150 m Hg and f luctuated near t h i s  l e v e l  by 15-20 mm Hg with a frequency of 
approximately 1 Hz, s ince the  leading edge of these f luc tua t ions  was suf f ic ien t ly  
abrupt. Electromanometers were included i n  the  model i n  the  same manner as 
during measurements of pulsations i n  a r t e r i e s  leading to the  cranium i n  exper- 
iments on animals, i .e . ,  one of the  tubes was interrupted and the electromanom: 
e t e r  was connected t o  i t s  "central" and "peripheral" sect ions.  

For purposes of comparing p a r a l l e l  experiments, invest igat ions were con- 
ducted on a model consisting of a s ingle  rubber tube the  length of which was 
equal t o  the  sum of the  length of a l l  the components of the  f i r s t  model. 

It was established t h a t  the amplitude and form of "pulse" f luctuat ions of 
pressure i n  the  s ingle  rubber tube varied l i t t l e  despi te  i t s  su f f i c i en t ly  great  
length ( see  f i g .  46). However, i n  a system analogous t o  the  s t ruc ture  of the 
c i r c l e  of Wil l is  and having the  same t o t a l  length, these f luctuat ions underwent 
subs tan t ia l  var ia t ions ( see  f i g .  46) which were s imilar  t o  those noted i n  ex- 
periments on animals. The elimination of the two bends or "siphons" from the  
model did not r e s u l t  i n  subs tan t ia l  changes i n  the  parameters of recordable 
pressure f luctuat ions.  

Figure 46. "Pulse Fluctuations' '  recordable on 
a model of the  cranial-based vascular system. 
a. f luctuat ions a t  the  beginning (1) and end 
( 2 )  of a s ingle  tube; b. f luctuat ions a t  the 
input (1) and ou t l e t  ( 2 )  of a system of tubes 
simulating the  c i r c l e  of Wil l is .  
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These data  permit the  conclusion t h a t  pulse f luctuat ions of pressure i n  
a r t e r i e s  leading t o  the  bra in  are decreased i n  amplitude and a l t e r ed  i n  form 
because of the  pecu l i a r i t y  of the  s t ruc ture  of the c i r c l e  of W i l l i s .  It i s  
possible t h a t  the  damping influence of the  bra in  mass a l so  plays a ro le  i n  the  
process of f luc tua t ion  attenuation. 

e 
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Section 2. Pulse Fluctuations of In t r ac ran ia l  Pressure 

Pulsed f luctuat ions of pressure i n  the  a r t e r i e s  of the  in t r ac ran ia l  cavity & 
cause analagous f luctuat ions i n  cerebrospinal f l u i d  (CSF) pressure. Data on 
the  magnitude of pulsed f luctuat ions of CSF pressure f luc ta t ions  have been 
t rea ted  i n  many works (Becher, 1922; Ewig and Lullies,  1924; and others) but 
the  most r e l i a b l e  data  were obtained recent ly  using electromanometers w i t h  small 
f luctuat ions i n  operating volume (Bering, 1955; Naumenko, 1956; Sicutery e t  al .  
1959; Moskalenko, 1961; Naumenko and Vasilevskiy, 1962; and others) .  These data 
showed t h a t  the amplitude of  CSF pulse f luctuat ions i n  various anima1s.unde-r 
anesthesia f a l l s  within 2-10 mm H 0; for man, the  value i s  20-40 mm H 0. 2 2 

Thus, pulse f luctuat ions of i n t r ac ran ia l  pressure are  r e l a t ive ly  minor. I n  
comparing them t o  pulse f luctuat ions of pressure c ran ia l  vessels, it i s  observed 
tha t  the transmission of a r t e r i a l  pressure pulse  waves t o  the CSF takes place 
with an attenuation fac tor  on the  order of 6-10. The reason f o r  such a s igni f -  
i can t  attenuation of pulsat ion amplitude i s  not d i f f i c u l t  t o  comprehend.consid- 
ering the features  of the  in te rac t ion  of f l u i d  media i n  the  closed c ran ia l  
cavity, and i n  pa r t i cu la r  the  difference i n  the  e l a s t i c  qua l i t i e s  o f t h e  c ran ia l  
cavity and vascular walls demonstrated i n  a previous chapter (page 79). 

I n  our opinion, Klosovskiy (1951) arr ived a t  a negative conclusion r e l a t ive  
t o  pressure pulsat ion i n  the  heremetic cavity of the cranium namely because of 
the  small magnitude of pulse  f luctuat ions of f l u i d  pressure. Klosovskiy a t -  
tempted t o  detect  pulsat ion using h i s  own var ia t ion  of the  "transparent cranium" 
method. 
troduced between the  cranium and a plexiglass  po r t  replacing the  c ran ia l  bone. 
I n  a l l  cases, Klosovskiy assumed t h a t  a displacement i n  the  air bubble and a 
var ia t ion  i n  i t s  radius indicated the development of pulsat ion when the hermetic 
s e a l  of the  cranium w a s  broken. When the po r t  was closed i . e . ,  when complete 
hermetization was restored, a displacement and change i n  bubble radius ins-t;antly 
ceased. 

The experiment (on a dog) was designed such t h a t  an a i r  bubble was in-  

I n  our opinion, Klosovskiy's method was distinguished by low sens i t i v i ty ;  
furthermore, a f luc tua t ion  i n  f l u i d  pressure would impart such ins igni f icant  
dimensional var ia t ions t o  an a i r  bubble tha t  they would be impossible t o  observe 
even with a magnifying glass,  not t o  mention the  naked eye; therefore, they 
were unnoticeable i n  the  photographs included i n  Klosovskiy's monograph (p.  344 ).  

The s m a l l  magnitude of f luctuat ions i n  the  volume of an air bubble i n  /114 
Klosovskiy's t e s t s  was confirmed by calculations.  S t a r t i ng  with the  ~ R W  estab- 
l i sh ing  the  relat ionship between the  pressure and volume of an idea l  gas, we 

' w r i t  e: 

where V i s  the  volume of the bubble; P i s  the i n i t i a l  pressure i n  the  gas bubble 
equal t o  the  sum of the  i n i t i a l  f l u i d  and atmospheric pressures;  AP i s  the maxi- 
mum value of pulse f luctuat ions of f l u i d  pressure; and AV i s  the  f luctuat ion i n  
the  volume of the a i r  bubble. 
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Having establ ished numerical values i n  formula (151, it develops tha t  
f luctuat ions i n  CSF pressure w i l l  cause r e l a t i v e  var ia t ions i n  the  volume of 
an air bubble not grea te r  than 0.05 percent. 
displacement of the  edge of the  bubble, i .e . ,  a change i n  i t s  radius, the  value 
of a change i n  the  radius of a bubble, my as a function of a f luc tua t ion  i n  
f l u i d  pressure i s  calculated. Assuming the  bubble i s  hemispheric, f r o m  formula 
(15)  it i s  not hard t o  a r r ive  a t :  

Since Klosovskiy observed the 

Disregarding the  higher stages of t h i s  equation, i .e . ,  assuming an increase i n  
a change i n  bubble radius, we ar r ive  at: 

AP 3AR -- 
p + LIP ;;I H e 

Even i n  approximate calculations yielding obviously exaggerated values, 

AR it develops t h a t  - does not exceed 0.Olpercen-b. This means t h a t  when a bubble R 

diameter i s  0.5 m, a decrease i n  diameter would not exceed 0.0003 mm or 300 A. 
It i s  qu i te  obvious t h a t  such a decrease i n  bubble dimension i s  impossible t o  
observe visual ly  even then increases a re  s ign i f icant .  

0 

The microscopic var ia t ions i n  the  volume o f  an a i r  bubble can be recorded 
by varying Klosovskiy's method somewhat. 
the bubble 1 ( f igu re  47) is  placed not beneath the  opening 
tube 2 hermetically attached t o  the subarachnoid space of the brain.  The f l u i d  
3, l imit ing the a i r  bubble on one s ide ,  was s ta ined with a dark color. It w a s  
impossible t o  observe v isua l ly  the movement of the meniscus of the  f l u i d ;  how- 
ever, i f  a l i g h t  soure 4 i s  placed on one s ide of the  tube and a photoelement 
5 on the  other, these microscopic movements of the meniscus a l t e r  the exposure 
of the  photoelement, causing e l e c t r i c a l  s ignals  there in  which can be -recorded by 
a cathode oscil lograph ( f i g .  48) a f t e r  a ld amplification. 

I n  our modification of h i s  method, 
but i n  a transparent 

Figure 47. Construction of a photoelectr ic  
c e l l  f o r  recording pulse  var ia t ions i n  the  
volume of an a i r  bubble when the  cranium i s  
hermetically sealed. 1. air bubble; 2. tube; 
3. s ta ined f lu id ;  4. l i g h t  source; 5 .  photo- 
r e s i s t o r ;  6. c r an ia l  bone. 
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Figure 48. 
an air  bubble 1 simultaneously recorded with a 

Pulse f luctuat ions of t he  volume of 

piezogram of ar ter ia l  pulse  2. Acute t e s t  on a 
2 cat .  Duration: 0.1 sec.  

Thus, a s l i g h t  modification of the "air  bubble" method makes it possible  /115 
t o  confirm the existence of per iodic  f luctuat ions of f l u i d  pressure. 

The development of s ign i f icant  movements of an a i r  bubble when opening the 
aperture of a "transparent cranium, l '  used by Klosovskiy t o  enhance in t r ac ran ia l  
pressure pulsat ion by disrupting the  hermetic s e a l  of the c ran ia l  cavity, has 
another origin.  Calculations using formal (17) indicate  t h a t  f o r  such changes 
(near ly  70 percent) i n  the volume of an a i r  bubble t o  be possible, f luctuat ions 
i n  CSF pressure on the  order of1000 cm H20 (near ly  800 m .Hg) would be required, 

which i s  obviously impossible. Therefore, the reason f o r  the  change i n  bubble 
radius when the  hermetic s e a l  of the cranium i s  interrupted can be found i n  
changes of form under the act ion of asymmetric forces  causing an increasing pres- 
sure  d i f f e r e n t i a l  close t o  the bubble. Actually, i n  a closed cranium the  pres- 
sure on a bubble i s  uniform on a l l  s ides  ( f i g .  49).  
t h i s  case var ies  synchronously with pulse  f luctuat ions of f l u i d  pressure by ex- 
tremely small but en t i r e ly  recordable values as we indicated above. 

The volume of the bubble i n  

a 

Figure 49. D i a g r a m  of forces  acting on an a i r  
bubble when the  cranium i s  closed ( a )  and open 
(b ) .  Explanation i n  t ex t .  

On disruption of the  hermetic s e a l  of the cranium i n  the  region of the  
bubble, a decrease i n  pressure a t  the  opening disrupts  the balance of forces, 
which r e su l t s  i n  the manifegtation of a d i f f e r e n t i a l l y  act ing force changing 
the form of the bubble and displacing it ( f i g .  49). 
ward the opening: i t s  horizontal  component H displaces tne  Pubbie while the 

v e r t i c a l  component Rv compresses the bubble, thereby changing i t s  shape. I n  

t h i s  case, extremely minute f luctuat ions of f l u i d  pressure (on the  order of 

This force i s  directed to-  

r 
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1 cm H 0) can cause noticable displacements and var ia t ions i n  bubble form while 

i t s  volume remains p rac t i ca l ly  unchanged. 

2 

The data obtained by Klosovskiy render questionable the  types of changes /116 
i n  i n t r ac ran ia l  pressure when the  c ran ia l  s e a l  i s  broken and whether qua l i ta t ive  
changes i n  in t r ac ran ia l  dynamics occur. 

From the  diagram i n  f igure  25, it can be seen t h a t  an a r t i f i c i a l  opening i n  
the  c ran ia l  bones yields  the  addi t ional  poss ib i l i t y  of compensatory changes i n  
blood volume i n  the  c ran ia l  cavity, t he  magnitude of which depends on the  s i ze  
of the  upening. I n  the  presence of such an opening, the  compensation of pulse  
var ia t ions i n  blood volume within the  c ran ia l  cavity is. re l ieved  and shifts  i n  
in t r ac ran ia l  pressure must decrease. 
1961). 
the  point of measurement, pulse var ia t ions i n  CSF pressure decreased somewhat 
( f igu re  S O ) .  

T h i s  agrees with our data (Moskalenko, 
I n  a l l  cases, when the  c ran ia l  aperture w a s  opened i n  c lose proximity t o  

Figure 50. Effect  of breaking and restor ing the  
hermetic s e a l  of the  cranium on the  amplitude of 
pulse f luctuat ions i n  in t r ac ran ia l  pressure. 

.-*---- Acute experiment on a ca t .  1. piezogram of in t r a -  
--.-. .- I crania l  pressure; 2. piezogram of the  femoral 

a r t e ry  ( f o r  comparison). Duration: 1 sec. 

A decrease i n  CSF pulse f luctuat ions depended on the  dimensions of the opening 
and i t s  proximity t o  the  point  where in t r ac ran ia l  pressure was measured. 

Thus, hermetic disrupt ion of the  c ran ia l  cavity does not lead to a quali-  
t a t i v e  change i n  the hemodynamic relat ionships  i n  the  c ran ia l  cavity as Biedl 
and Reiner (1900) observed i n  noting t h a t  a trephined opening i s  but another 
addition t o  the  many na tura l  openings of the cranium. 

We now consider another important parameter of pulse  CSF sh i f t s - - the i r  form. 
I n  the  l i t e r a t u r e  avai lable  t o  us, a consideration of the  form of pulse  f luc tua t -  
ions of pressure i s  lacking and there  are  only a few references to t he  e f fec t  
t h a t  the  form of these f luctuat ions i s  ra ther  complicated (Becher, 1922; Ewig 
and Lullies,  1924; Belekhova, 1958; and others).  

Our data confirm th i s  posi t ion.  The r e su l t s  of simultaneously measuring /117 
pulse  var ia t ions of i n t r ac ran ia l  pressure together with t h e i r  evoked blood pres- 
sure f luctuat ions i n  c ran ia l  vessels and the  spec t r a l  composition of these 
f luctuat ions a re  shown i n  f igure  51. A s  i s  evident from the  figure, t he  form of 
pulse  f luctuat ions of i n t r ac ran ia l  pressure i s  somewhat more corrrplicated when 
compared w i t h  pressure waves i n  c ran ia l  a r t e r i e s ;  t h i s  f inds i t s  expression i n  
the  r e l a t i v e  increase i n  the  amplitude of higher harmonics i n  the  pulse wave 
spectrum. I n  form, pulse  curves of i n t r ac ran ia l  pressure (and a l so  the  in t r a -  
c r an ia l  EPG, as we w i l l  show l a t e r )  a re  reminiscent of some types of sphygmogram 
and mechanical plethysmogram curves of r e a  extremities.  However, t h i s  s imi l a r i t y  
i s  purely supe r f i c i a l  i n  that  pulse  f luctuat ions recorded i n  the  l a t t e r  cases have 
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features of cardiac act ivi ty ,  while pulse f luctuat ions i n  the  c ran ia l  cavity a re  
caused by the  pulsations of c r an ia l  a r te r ies ,  as we s a w  i n  f igu re  45, and are  
r e l a t i v e l y  simple i n  form. Therefore, t o  explain the  reasons f o r  t he  complication 
i n  the form of i n t r a c r a n i a l  pressure pulsation, we r e tu rn  t o  features  of t he  
hydrodynamic relat ionships  i n  the c ran ia l  cavity shown i n  f igu re  25. 
t o  t h a t  diagram, pulse fluctuations of i n t r a c r a n i a l  pressure, including the 
amplitude of' these fluctuations,  depend not only on the character is t ics  of the 
inrparting forces, i .e. ,  f luctuations of a r t e r i a l  pressure and the  e l a s t i c i t y  of 
a r t e r i a l  walls, but on the  compensatory efficiency of shif ts  i n  blood pooling i n  
the  c ran ia l  cavity due t o  the release of CSF i n t o  the  sp ina l  cavity; the leading Lilt 
r o l e  then 
r a the r  by the in te rac t ion  of pressures i n  the  c ran ia l  and sp ina l  cavi t ies .  

According 

i s  not played by the pulsed f l o w  of CSF i n  t h i s  process as such, but 

Actually, t he  deviation of the s y s t o l i c  increase of pressure i n  cerebral  
a r t e r i e s  i s  not great, and therefore only a s m a l l  por t ion  of t h e  pulsed.volume 
of blood reaching the c ran ia l  cavity (near ly  20 percent according t o  Weise, 1955) 
i s  compensated by CSF flow i n t o  the sp ina l  cavity;  t he  remaining volume is  com- 
pensated by venous r e tu rn  from the  e r a n i b .  However, the s y s t o l i c  increase of 
i n t r ac ran ia l  pressure gives r i s e  to the  pressure wave, which i s  propagated along 
the sp ina l  column t o  i t s  lumbar level,  r e f l ec t ed  there, and returned t o  the 
cranium, which imparts an e f f ec t  on the  form of the i n t r a c r a n i a l  pulse curve. 
This wave process w a s  studied i n  d e t a i l  by Becher (1922) who showed t h a t  t he  
pulse pressure wave i s  propagated along the sp ina l  cavity a t  a r a t e  of nearly 4 
m/sec and i s  the  reason f o r  lumbar pulse. 
r e l a t i v e  t o  the  c ran ia l  or igin of lumbar pulse by establishing t h a t  i n  subjects 
with noncomunicating hydrocephalus, the lumbar pulse i s  absent. To fur ther  
support t h i s  point of view, our data show a s ign i f i can t  delay (about 0.17 see 
i n  a dog) i n  the pulse increase of lumbar pressure compared t o  the pulse increase 
of i n t r ac ran ia l  pressure. 

Bering (1955) confirmed Becher's view 

CR Figure 51. Pulse waves (a)  of the 
pressure i n  c ran ia l  a r t e r i e s  (1) and 
i n t r a c r a n i a l  pressure (2)  i n  a dog 
and t h e i r  harmonic makeup (b )  . 
Acute experiment. W : ordinal number i;.c;,, n 
of h a r m o n i c s ; r  sK : r a t i o  of 

1 

the  amplitude of K - t h  harmonic t o  
the  amplitude of t he  f i rs t  one. 

ICM H20 

2 
. - 1 2 3 ' + 5 6 7 8 9 1 O  wz 

I s v i r z ,  
- 

Therefore, the complex form of the pulse curve of i n t r a c r a n i a l  pressure 
compared t o  the curve form of a r t e r i a l  pulse i n  cerebral  vessels i s  due t o  the 
interact ion of pressure i n  the c ran ia l  and spinal  cav i t i e s  as per the diagram 
i n  f igu re  25. 
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Therefore, the  complex form of the  pulse curve of i n t r ac ran ia l  pressure 
compared t o  the  curve form of a r t e r i a l  pulse  i n  cerebral  vessels i s  due to the  
in te rac t ion  of pressure i n  the  c ran ia l  and sp ina l  cav i t ies  as per  the  diagram 
i n  f igure 25.  

This confirms the  r e s u l t s  of an invest igat ion of a model of i n t r ac ran ia l  /1-1-9 
c i rcu la t ion  which we considered e a r l i e r .  The curves of "pulse" waves of "intra- 
cranial" and "lumbar" pressure, recorded a t  the  ou t l e t  of this model when 
f luctuat ions which corresponded i n  form to pulse pressure waves i n  cerebral  ves- 
s e l s  were introduced to it ( f i g .  5 2 ) ,  were similar i n  form to curves obtainable 
i n  experiments on animals ( f i g .  54). 

I 
0 

_I 

4 8 16 
I.-. I. -- 
0 4 8 12 16 20 24 t 

Figure 52. "Pulse" f luctuat ions of the  input parameters 
of a model ( a )  and "pulse" f luctuat ions of i t s  separate 
automata corresponding to i n t r ac ran ia l  (ph) and lumbar 
(ps)  pressures ( b ) .  

pa, pv, pq a re  "pulse" f luctuat ions a t  inputs of the  
model corresponding t o  a r t e r i a l  and cran ia l  pressures 
i n  the  c ran ia l  cavity and venous pressure i n  the  spinal  
cavity;  pa, ph, pq, ps, pv were assigned d iscre te  values 
i n  an octonary system of calculat ion where the pulse cycle' 
was divided i n t o  12 time in te rva ls .  

Moreover, as the  experiment ( i n  which the in t r ac ran ia l  c i rculatory system 
was modeled) demonstrated, the  r e s i l i e n t  deformation of e l a s t i c  elements of 
the cranium af fec ts  the  form of pulse  waves of i n t r ac ran ia l  pressure. This can 
r e s u l t  i n  'the complication of pulsat ion form during the  increase i n  the  mean 
l eve l  of i n t r ac ran ia l  pressure or during impedance of the  flow of blood from 
the  c ran ia l  cavity. 

The v a r i a b i l i t y  of f lu id -pu l se  parameters r e l a t i v e  to the  measurement 
locus of pressure f luctuat ions and the  individual  features  of the  experimental 
specimens used requires spec ia l  consideration. A s  concerns the  dependence of 
the  parameters of recordable curves on the  measurement locus, i t s  existence i s  
conditioned by the  propagation r a t e  of t he  wave. process i n  cerebral  f l u i d  spaces; 
a l l  cerebral  f l u i d  spaces, as i s  known, form a s ingle  system, separated of cowse 
i n t o  a multitude of intercommunicating sections.  

101 



Therefore, a measurement of the propagation r a t e  of pulse  f luctuat ions of 
i n t r ac ran ia l  pressure w a s  conducted i n  the  hermetic cavi ty  of the  cranium 
(Naumenko e t  al., 1962; Moskalenko and Naumenko, 1964) by simultaneously r e -  
cording f luctuat ions of pressure i n  cen t r a l  and per ipheral  segments of the  
caro t id  artery,  i n t r ac ran ia l  pressure, and pressure i n  the  longitudinal sinus 
using piezommometers. A n  observable time s h i f t  of analogous pulsation phases, 
upon comparison of t he  pulsat ion curves of these pressures, indicates  t ha t  the  
transrpission of the  pulse  wave from the  base of the  skull t o  the longitudinal 
sinus occurs subs tan t ia l ly  f a s t e r  than along a segment of caro t id  a r t e ry  of the  
same length ( f i g .  53). 
waves i n  the  c ran ia l  cavity obtained by measuring the  time in te rva ls  between the  
f i rs t  moments of pressure increase i n  piezograms. It can be seen t h a t  the 
propagation r a t e  of pulse waves i n  the  c ran ia l  cavity i s  f a i r l y  high. This 
indicates  t ha t  a difference i n  the  form of CSF pressure f luctuat ions recordable 
i n  various regions of the  c ran ia l  cavity must be ins igni f icant .  This was con- 
firmed by the data of Belekhova (1958, 1959). 

Table 6 gives data  on the  propagation r a t e s  of pulse 

Figure 53. Diagram of the placement of pressure 
sensors and the curves obtained during the  paired 
combination of various sensors which permitted 
calculat ion of pulse wave propagation r 8 t e  in. the 
closed c ran ia l  cavity. 

Acute experiment on a dog'. 1-4: number of the  
sensors; duration: 0.1 see. 

The observable var ia t ions i n  the form of pulse f luctuat ions i n  various ex- 
periments included, t o  a greater  or l e s se r  degree, occasional spikes on the  
in t r ac ran ia l  pulse curve. This vaxiabili'cy could be explained by changes i n  
the  relat ionship between mechanisms of the compensation of pulse increases i n  
c ran ia l  blood pooling and the  nonuniform e l a s t i c i t y  of i t s  e l a s t i c  components, 
which depend on the individual features  of the  s t ruc ture  of the  in t r ac ran ia l  
c i rculatory system i n  various animals. 
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As we noted above, pulse  f luctuat ions i n  in t r ac ran ia l  pressure cause a 
compensatory flaw of venous blood away from the  cranium. Therefore, we w i l l  
consider t h i s  process i n  the  next section. 

S ens or Mean distance 
comb ina t  i on between sensors 

( em) 

1-2 5.9 

1-4 5 - 0  
1-3 5.1 

3 -4 1.5 

._ 

Mean pulse-wave Mean wave- 
s h i f t  time (sec)  propagation 

r a t e  (cm/sec) 

0.0075 790.0 
0.0019 2680. o 
0.0021 2380.0 
0.0006 2500. o 

Section 3. Features of the  Venous Flow of Blood From the Cranium 

As already indicated, the  pulsating nature of venous flow from the  bra in  
was established long ago (Berthold, 1869; Cramer, 1873; MOSSO, 1881; Keller, 
1939; and others) .  I n  our own investigations,  we a l so  recorded the  pulsat ion 
of blood i n  the  cerebral  longi tudinal  ( s a g i t t a l )  sinus ( f i g .  26) and, having 
compared CSF pressure f luc tua t ion  spectra  i n  the  c ran ia l  cavity and venous sinus, 
we establ ished t h a t  the l a t t e r  i s  dist inguished by a somewhat lower composition 
of high-frequency harmonics which, as already shown, permits finding the l i m i t s  
of t he  r a t e  of compensation of blood pooling changes i n  the  c ran ia l  cavity as a 
fbnction of venous flow. The amplitude of pulse f luctuat ions of venous blood 
pressure i n  the  system of sinuses was 
of Belekhova, 1958) t o  the amplitude of CSF pressure f luctuat ions i n  the  sub- 
arachnoid space and f e l l  within the  l i m i t s  of 2-8 " H 0. 
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close (according t o  our own data  and those 

2 

The amplitude of pulse f luctuat ions i n  the  jugular vein under normal con- 
d i t ions  was extremely small and occasionally could not be recorded because of 
the  insuf f ic ien t  s e n s i t i v i t y  of t he  pressure sensors. However, when venous f l a w  
from the  cranium w a s  impeded by the  action of negative accelerations,  pulse 
f luctuat ions of venous pressure i n  a peripheral  sect ion of the jugular veins were 
recorded with su f f i c i en t  c l a r i t y  ( f i g .  64). 

Considering the  existence o l  pulse f luctuat ions of pressure i n  a r t e r i e s  a t  
the base of the brain, CSF pressure, venous pressure and a t  the same time the 
evenness and the simultaneous uniformity of blood flow i n  the  cerebral  a r t e r io l e s  
and capi l la r ies ,  it i s  fair  t o  conclude t h a t  pulse f luctuat ions i n  the  a r t e r i a l  
system of the  bra in  are  transmitted t o  the  venous system v i a  the  CSF, by-passing 
the  deep-lying cerebral  vessels.  The va l id i ty  of t h i s  assumption concerning 



t he  tranmission of pulsed f luctuat ions i n  accordance with the "artery-fluid-vein" 
system i s  borne out by our data on high r a t e  of transmission of the  a r t e r i a l  
pressure pulse wave t o  the cerebral  venous system ( t a b l e  6 ) .  

The ins igni f icant  difference between t h e  amplitude of pulse  f luctuat ions of 
i n t r ac ran ia l  and venous pressure indicates  t h a t  the transmission coeff ic ient  of 
pulse  f luctuat ions of CSF pressure t o  venous blood i s  c lose to 1. I n  our 
opinion, t h i s  f ac to r  i s  extremely important i n  t h a t  it aids i n  revealing one of 
t he  mechanisms f a c i l i t a t i n g  the  high in t ens i ty  of cerebral  c i rculat ion.  Under 
normal conditions, the energy of mean a r t e r i a l  pressure a f f ec t s  the  movement of 
blood through the  vascular system r igh t  down t o  i t s  venous level ,  s ince the  
mean blood pressure i n  t h e  venous system i s  extremely low and obviously insuf- 

t he  energy of pulse  pressure f luctuat ions f a c i l i t a t e s  the  evacuation of blood 
from the cranium. 

f i c i e n t  f o r  maintaining blood flow i n  the cerebral  venous system. However, /122 

The u t i l i z a t i o n  of t h e  energy of pulse pressure f luctuat ions f o r  venous 
r e tu rn  from the  cranium points  out some pecu l i a r i t i e s  of the morphological 
s t ruc ture  of the cerebral  vascular system. One of these i s  that  a port ion of the  
in t e rna l  caro t id  a r t e ry  (regardless  of whether or not it i s  bent i n  the  form 
of a siphon) comes i n t o  d i r ec t  contact with the  sinus cavernosa. Because of th i s ,  
the  contact serves t o  mpliSy pulsed accelerations of blood flow i n  veins leaving 
the cranium. T h i s  assumption, which was confirmed by the  X-ray s tudies  by 
Kopulov (1947), leads to the notion tha t  the  physiological s ignif icance of s ip-  
hons of the  in t e rna l  caro t id  a r t e ry  i s  possible, considering tha t  an increase 
i n  the  eff ic iency of transmission of pulsat ion from the  a r t e r i a l  t o  the venous 
system depends on the  contact area of a r t e r i a l  and venous trunks. 

A similar  point  of view is held by Barnett  and Marsden (1961) t o  the  e f f ec t  
t h a t  the influence of t he  pulsat ion of i n t e rna l  caro t id  a r t e r i e s  on the pulsa- 
t i o n  of venous re turn  from the cranium i s  more e f f i c i e n t  when a r t e r i a l  blood 
reaches the  cranium i n  the  form of a network of vessels  ca l led  the  "carotid 
r e t e  mirabile." 
demonstrating t h a t  i n  herbivorous animals such as sheep and ca t t le ,  which a re  
chronically i n  3, "head down" posit ion,  the  caro t id  r e t e  mirabile i s  most strong- 
l y  developed. 

The da ta  of Baldwin and Bel l  (1963) a l so  agree w i t h  t h i s  view, 

All of t h i s  implies t h a t  i n t r ac ran ia l  pulsat ion plays a subs tan t ia l  r o l e  
i n  maintaining a normal l e v e l  of cerebral  blood flow. 

Section 4. General and Local Changes i n  Blood Pooling i n  
the  Cranial  Cavity 

Pulse f luctuat ions of blood pressure i n  the  cerebral  vascular system and 
f luctuat ions of i n t r ac ran ia l  pressure, which were discussed i n  previous sections, 
occur i n  an e l a s t i c  system. 
i n  the blood volume of t he  c ran ia l  cavity. 

This must inevi tably r e s u l t  i n  pulse var ia t ions.  

Pulse var ia t ions of blood pooling i n  t h e  c ran ia l  cavity can be recorded 
Kedrov and Naumenko ( 1954) presented the  f irst  electroplethysmographically. 
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deta i led  t r e a t i s e  on pulse  waves of the  in t r ac ran ia l  EPG recorded a t  a frequency 
of about 280 kHz i n  acute experiments on cats  and dogs. 

I n  more recent investigations,  conducted a f t e r  the  perfect ion of methods 
of i n t r ac ran ia l  electroplethysmography (Moskalenko and Naumenko, 1957 and 1964), 
the  da ta  of Kedrov and Naumenko (1954) have been confirmed many times. However, /123 
a difference was observed between the  volumetric i n t r ac ran ia l  pulse  (recorded 
a t  low frequencies of 25-40 kHz) and complex volumetrically rap id  pulse changes 
observed by Kedrov and Naumenko a t  a frequency of 280 kHz. 

I n  recent years, two modifications of i n t r ac ran ia l  electroplethysmography 
permit recording from two electrodes placed on the  skin of the  head--rheoencephal- 
ography (Kaindl e t .  al.,  1958; Konovalova e t  al . ,  1961; Jenkner, 1962; Veyn 
and Ronkin, 1962. Se ipe l  e t  al., 1964; and others)--and high-frequency electro-  
plethysmography (Beer e t  al., 1956; Moskalenko, 1958) used t o  obtain data  on 
features  of pulse var ia t ions of blood volume i n  the human c ran ia l  cavity. Another 
development has been the  recording of pulse var ia t ions i n  the  human in t r ac ran ia l  
EFG using electrodes implanted i n  the  c ran ia l  cavity, i .e . ,  the  same method- 
ological  approaches used i n  animal experiments (Moskalenko e t  al., 1964b; Cooper 
e t  al., 1964). 

Data obtained from these investigations indicate  t h a t  the  parameters o f  
pulse var ia t ions i n  blood pooling i n  the  c ran ia l  cavi ty  vary strongly; t h i s  i s  
especial ly  t rue  of t h e i r  form. On one hand, the  v a r i a b i l i t y  i s  associated with 
differences i n  the  features  of i n t r ac ran ia l  c i rcu la t ion  i n  vmious biological  
specimens, which of i t s e l f  would determine var ia t ions i n  the  relat ionship between 
mechanisms of the  compensation of volumetric changes i n  the  c ran ia l  cavity.  On 
the  other hand, such v a r i a b i l i t y  can be explained by the  existence of defects 
which vary as a function of d i f fe ren t  methods used f o r  recording the  in t r ac ran ia l  
EPGs . 

The presence of t he  second fac tor  confirms the  pos i t ion  that ,  despi te  the 
f a c t  t ha t  curves of the  volumetric cerebral  pulse presented i n  a number of publi-  
cations by one invest igator  are  close to one another, i n  comparision with the  
data  of other invest igators ,  occasional subs tan t ia l  differences a r e  noted. Var- 
ious authors have used equipment d i f fe r ing  i n  frequency charac te r i s t ics  which 
would undoubtedly r e s u l t  i n  the  var ia t ion  of spectra  of the  recorded cmves.  
instance, the device used by Kedrov and Naumenko (1954), a mirror galvanometer, 
l imited the  capacity of obtaining high-frequency components of the  spectrum of 
pulse  variations,  while devices used to record rheoencephalograms l i m i t  t h i s  
capacity r e l a t i v e  t o  low-frequency components, as a ru le .  An important cause of 
the  occurence of var ied parameters of blood pooling pulse  f luctuat ions i n  the  
c ran ia l  cavity i s  the  nonuniform disposi t ion and design of electrodes used f o r  
recording the  Em; t h i s  would a f f ec t  the  d is t r ibu t ion  of e l e c t r i c  current i n  
the  hermetic cavi ty  of the  cranium, and consequently, the  boundaries of the  
invest igated port ion of the  c ran ia l  cavity. 

For 

Considering these posi t ions r e l a t i v e  t o  fac tors  determining the  v a r i a b i l i t y  k 4  
of pulse f luctuat ions of blood pooling i n  the  c ran ia l  cavity, i n  analyzing these 
f luctuat ions we w i l l  consider only those experimental data  where the  error i s  
a t  a minimum, namely, da ta  obtained using low-frequency electroplethysmographs 
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(0-100 Hz). 
electrode disposi t ion t h a t  y i e ld  the most complete information. I n  general, we 
w i l l  consider t he  following volumetric var ia t ions  i n  blood pooling i n  the  cran- 
i a l  cavity.  

We w i l l  a l so  l i m i t  our consideration of data t o  var5ations of 

1) Total changes i n  the  blood pooling of the c ran ia l  cavity observable 
during the bitemporal inser t ion  of electrodes i n t o  the  c ran ia l  cavity of animals 
under acute and chronic experimental conditions. Similar changes i n  blood 
pooling i n  the human cran ia l  cavi ty  a re  observed using contactless,  high-frequency 
electroplethysmography and when electrodes a re  placed on skin close t o  na tura l  
c r an ia l  openings. 

2 )  Local changes i n  blood pooling i n  individual vessels of the p i a  mater 
observable during the  r e l a t i v e l y  close posi t ioning of electrodes i n  contact 
with the  dura mater. 

3 )  Local changes i n  the blood pooling of deep port ions of the brain ob- 
servable when using electrodes implanted i n  the  cerebral  matter.  

I n  each var ia t ion  of electrode disposi t ion we obtained r e l a t ive ly  s i m i l a r  
data. I n  each case, the v a r i a b i l i t y  of obtainable curves w a s  not greater  than 
during the  recording of pulse  f luctuat ions of i n t r ac ran ia l  pressure. 

The s imi l a r i t y  of t he  curves of the  in t r ac ran ia l  EPG during the  enumerated 
var ia t ions of electrode disposi t ion once again convinced us t ha t  electruplethysm- 
ography, notwithstanding i t s  inherent error,  can y i e ld  r e l i a b l e  information on 
pulse  var ia t ions of blood volume i n  the  closed c ran ia l  cavity. However, con- 
s ider ing the v a r i a b i l i t y  of EPG pulse wave parameters, it i s  necessary t o  anal- 
yze in t racran ia l  EPG pulse  waves w i t h  extreme caution. 

We w i l l  now consider the  experimental data. 

The t o t a l  pulse var ia t ions i n  c ran ia l  blood pooling are distinguished by 
comparatively s m a l l  values. The amplitude of pulse  waves i n  la rge  laboratory 
animals ranges from 0.01 t o  0.05 percent of the general  electroconductivity be- 
tween electrodes. 

Typical pulse f luctuat ions of t o t a l  blood pooling i n  the c ran ia l  cavity a re  /125 
shown i n  f igure  54. 
c r an ia l  cavity a re  complex i n  form and consis t  of three peaks ( f i g .  54,2) remini- 
scent of pulse f luctuat ions of i n t r ac ran ia l  pressure ( f i g .  54,3). 
magnitudes of these peaks vary i n  d i f fe ren t  experiments. 

As  i s  evident, pulse  waves of t o t a l  blood pooling i n  the 

The r e l a t i v e  

I n  bringing a t t en t ion  t o  the  occurrence of s m a l l  s h i f t s  of CSF between the 
c ran ia l  and spinal  cav i t ies  and a l so  t o  the in te rac t ion  of pressure between 
these two cavi t ies ,  it i s  t o  be expected tha t  pulse f luctuat ions of t o t a l  blood 
pooling i n  the c ran ia l  cavi ty  corresponds t o  pulse  var ia t ions of CSF i n  the  
sp ina l  column. To confirm as wel l  as reveal  whether sh i f t i ng  of CSF between the  
c ran ia l  and sp ina l  cav i t ies  i s  t h e  only reason f o r  pulse  var ia t ions of t o t a l  
blood pooling i n  the  c ran ia l  cavity, we simultaneously recorded pulse  var ia t ions 
of the  cerebrospinal EPG and CSF pressure i n  the c ran ia l  cavi ty  and a t  the  
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the  lumbar l e v e l  of the sp ina lcav i ty .  The r e su l t s  of these t e s t s  a re  shown 
i n  f igures  54, 4, and 5. From the  curves of t he  in t r ac ran ia l  and cerebrospinal 
EEs, it i s  evident t h a t  the  i n i t i a l  value of the t o t a l  blood volume i n  the  
c ran ia l  cavity ( f i g .  54, curve 3 ,  sect ion ab) i s  a function of the flow of CSF 
in to  the  sp ina l  cavity, s ince the  increase i n  blood pooling i n  the  c ran ia l  
cavity corresponds to a simultaneous r i s e  i n  blood pooling i n  the sp ina l  column. 
This indicates  the  presence of other volumetric reserves i n  the  c ran ia l  cavity 
which were mentioned e a r l i e r  (p. 82). 

The second wave of the  increase i n  t o t a l  c r an ia l  blood pooling ( f i g .  54, 
curve 3, sect ion bd) corresponds t o  a decrease i n  blood pooling of the  cerebro- 
sp ina l  cavity which indicates  su f f i c i en t ly  wel l  the  flow of some CSF i n t o  the  
sp ina l  cavity and const i tut ing 20 percent of the  pulse  volume of blood arriving 
a t  the  c ran ia l  cavity. 

1 IOMM Hg Figure 54. Pulse pressure waves i n  c ran ia l  

c r an ia l  pressure (31, the  cerebrospinal EPG 
(4) ,  and CSF pressure a t  t he  lumbar juncture 
of the  spinal  column ( 5 ) .  
Acute experiment on dog. Duration: 1 sec. 

4 Remaining explanations i n  the  tex t .  1. 10 mm 
Hg; 2. 0.2 ohm (abcdef);  3 .  1 cm H20; 4. 0.2 

5 ohm; 5. 1 cm H 0. 

- 1  a r t e r i e s  (l), the  in t r ac ran ia l  EPG (2) ,  i n t r a -  

10.2 ohm 

2 
_ _ _ . . - - ~ -  

After the  second r i s e  i n  the  in t r ac ran ia l  EPG, there  i s  a t h i r d  one ( f i g .  
54, curve 3, sect ion df). Thus far ,  it i s  d i f f i c u l t  t o  explain what forces /126 
are  responsible for t h i s  increase i n  c ran ia l  blood pooling during a decrease i n  
the d i c ro t i c  a r t e r i a l  pulse  wave. However, having considered Becher's view 
(1922) on the  presence of a pressure wave developing i n  the  cranium a t  the  be- 
ginning of the  cardiac cycle and propagating along the  sp ina l  column, the  or igin 

the  in t r ac ran ia l  pulse can be a t t r i bu ted  t o  the re turn  of 
t o  the  cranium a f t e r  i t s  r e f l ec t ion  from the  lumbar l e v e l  
It i s  not impossible t h a t  t h i s  wave generates an osc i l -  

spinal column which i n  tu rn  causes the  second as wel l  as 
i n t r ac ran ia l  pulse. These hypotheses require  spec ia l  

of the t h i r d  wave and 
the  CSF pressure wave 
of the  sp ina l  column. 
l a to ry  process i n  the  
the t h i r d  wave of the  
checking. 

It i s  en t i r e ly  possible  t h a t  an e s sen t i a l  r o l e  i s  played by the  b r i e f  in-  
crease i n  venous pressure which occurs as a r e s u l t  of t he  closing of a t r i a l  
valves i n  the  genesis of t he  EFG u l s e  wave as wel l  as in t r ac ran la l  pressure, 
as noted i n  the  work of Sicutery p1959). 

Despite the  f a c t  t h a t  all these fac tors  causing pulse f luctuat ions of t o t a l  
blood pooling i n  the  c ran ia l  cavi ty  a re  as ye t  unclear, the  data  we have consider- 
ed permit t he  conclusion t h a t  the  cumpensation of pulse  f luctuat ions of t o t a l  
blood pooling i n  the c ran ia l  cavi ty  a re  effected by two modes: first,  via a 
s h i f t  i n  CSF between the  c ran ia l  and sp ina l  cavi t ies ,  and second, by v i r tue  of 
the  distension of e l a s t i c  elements of the  c ran ia l  cavity. However, the  l a t t e r  
mode probably plays a secondary role .  
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Thus far, w e  have only considered data obtained by invest igat ing higher 
ver tebrates  and man. However, electroplethysmography can a l s o  be applied to 
evaluating pulse  f luctuat ions of t o t a l  cerebral  blood pooling i n  lower ver te-  
brates .  Therefore, i n  cooperation w i t h  D. I. Pesennikova and A. A. Shurubura, 
we used t h i s  method to reveal  some fea tures  of the  parameters of changes i n  
blood pooling i n  some representat ives  of the lower ver tebrates .  

Such invest igat ions a re  of spec ia l  i n t e r e s t  f o r  comprehending the phylo- 
genet ic  development of i n t r ac ran ia l  c i rcu la tory  systems. Our knowledge of t h i s  
area i s  thus far l imi ted  to data  on the  morphological features of ar ter ia l  trunks 
supplying blood to t h e  bra in  (Naumov, 1951; Klosovskiy, 1951) and var ia t ions of 
t he  s t ruc ture  of the  c i r c l e  of W i l l i s  and basic  cerebral  a r t e r i e s  (Critchley, 
1930; Craigie, 1945; Gindtse, 1947; Izmaylova, 1957). 

Problems of t he  comparative physiology of t h i s  system have absolutely not 
been considered. Only two works (Berezin, 1916; Sakhnovskaya, 1919) are '  known 
concexning a comparative analysis of the reactions of  the cer.ebra1 ves- 
sels of the  pike and r abb i t  t o  some pharmacological agents. /127 

O u r  investigations,  conducted on three  classes  of ver tebrates  (amphibia- - 
frogs; r ep t i l e s - - tu r t l e s  ( W s  obicular is)  and l i za rds  (Varanidae) birds--pigeons 
and chickens), together with data obtained from mammals (rats, rabbi ts ,  cats, 
dogs) and human subjects, ind ica te  t h a t  t he  amplitude and form of pulse waves 
of the  in t r ac ran ia l  EPG vary uniformly as a function of t he  progression from one 
c l a s s  of animals t o  another. 

Progressing up the  evolutionary t ree ,  t he  organization of pulse  f luctuat ions 

If i n  
of t o t a l  bload volume i n  the  cranium increases, reaching i t s  highest values i n  
mammals ( t a b l e  7). 
frogs and t u r t l e s  pulse  f luctuat ions of t he  intracr?nialEPG asswne the  form 
of one wave, i n  the  l i z a r d  there  i s  an addi t ional  peak on the  pulse curve ( f i g .  
55). The in t r ac ran ia l  pulse i n  mammals, including man ( f i g .  56), i s  more com- 
p lex  i n  form when compared t o  these animals. 

These uniform changes assume the  form of pulse waves. 

It i s  absolute t h a t  a difference i n  the  parameters of i n t r ac ran ia l  pulsat ion 
i n  various representat ives  of t h e  ver tebrates  i s  due t o  a ce r t a in  degree of /128 
var ia t ion  i n  the  r e l a t i v e  magnitude and form of pulse var ia t ions  of a r t e r i a l  
pressure. However, t he  differences i n  the  l a t t e r  are obviously not s ign i f icant  
enough t o  explain the  pecu l i a r i t i e s  of the  form of t o t a l  c r an ia l  blood pooling 
curves f o r  various classes of ver tebrates  s ince EPG pulse  waves of t h e  r ea r  ex- 
t remi t ies  of t he  species enumerated above, f o r  instance, were qui te  diss imilar .  

It i s  possible  t h a t  the observable complication of pulse  waves of changes 
i n  c r w i a l  blood pooling i n  a number of ver tebrates  i s  the  r e s u l t  o f ' t h e  
refinement of mechanisms compensating changes i n  the volume of c ran ia l  blood 
due t o  an in t ens i f i ca t ion  of cerebral  blood flow. 
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No. of 
specimens 
- _ _ _ _ -  

7 
8 

12 
8 
7 

t u r t l e  
l i z a r d  
pigeon 
chicken 
ra t  15  
r abb i t  1% 
cat  12 
dog 10 
man 6 

- r  Animal f rog 

I n  a number of animals studied by us, the form of pulse waves i n  the i n t r a -  
cranial  EPG depends on features  of the s t ructure  and a c t i v i t y  of t he  hear t .  
For instance, i n  rats, which are  distinguished by a high hear t  ra te ,  character- 
i s t i c  peaks on the  curves of pulse waves of the i n t r a c r a n i a l  EFG were more 
weakly expressed than i n  other mammals .  
umetric pu lsa t ion  i n  rats i n  a l l  l ikelihood i s  due t o  the f a c t  t h a t  a t  a high 
cerebral  beat frequency, CSF does not have a chance t o  flow i n t o  the  spinal  
cavity during the  cardiac cycle as opposed t o  other animals with a subs t an t i a l ly  
lower cerebral  pulse frequency. 

This pecu l i a r i t y  of i n t r ac ran ia l  vol- 

_. - __ 

Relative pulse va r i a t ion  of 
e l e c t r i c a l  conductivity i n  
the c ran ia l  cavity (percent 
of mean value of e l e c t r i c a l  
conductivity) 

0.005~0.002 
0.007*0.003 
0.010f0.002 
0.012~0 006 
0.012*0.005 
0.015*0.005 
0.017*0.008 
0.020f0.010 
0.03 of0 .020 
0.05om. 030 

1 

Figure 55. Pulse waves of 
t he  in t r ac ran ia l  EPG i n  t h e  
frog (l), t u r t l e  ( 2 ) ,  and 
l i z a r d  (3) .  Duration: 1 sec 

10.3 ohm 

---------- 

Figure 56. Pulse waves of the  
in t r ac ran ia l  EFG for  t h e  pigeon 
(11, dog (21, and man ( 3 ) .  
Duration: 1 sec 

I n  birds, a l so  distinguished by a high hear t  ra te ,  t he  form of i n t r a -  
c r an ia l  EPG pulse waves i s  a l s o  substant ia l ly  smoothed. However, i n  b i rds  t h i s  
might be due t o  the lack  of CSF (Fridman, 1957) which appaxently a l t e r s  t h e  very 
compensatory mechanism of changes i n  cranial  blood pooling. However, t h i s  pro- 
p os i ti on requires spec ia l  c onf irmat i on. 
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The data  considered on features of pulse  changes i n  c ran ia l  blood pooling 
i n  representat ives  of some ver tebrate  c lasses  sheds l i g h t  on only a few char- 
a c t e r i s t i c  tendencies i n  changes of parameters of pulse  waves of the in t r a -  
c ran ia l  EPG i n  a number of ver tebrates .  These results can be considered only 
as the  i n i t i a l  s tage of invest igat ions i n  t h i s  direct ion.  
duce more new questions than they do answers t o  the  one or ig ina l ly  put forward. 
However, we presented these data  t o  bring the  a t t en t ion  of researchers t o  an 
important and in t e re s t ing  problem, the  study of which i s  now possible  thanks 
t o  the  creat ion of new methods of invest igat ing the  in t r ac ran ia l  c i rculatory 
system. 

They perhaps in t ro-  

We w i l l  now turn  t o  l o c a l  changes i n  c ran ia l  blood pooling. 
ed e a r l i e r  (p .  loo), the  basic  port ion of the  pulse  d i l a t i o n  of t h e  cerebral  
a r t e r i a l  system i s  compensated by the  flow of venous blood from the  cranium; i n  
other words, there  i s  an interconnected change i n  volumes occupied by a r t e r i a l  
and venous blood i n  the  c ran ia l  cavity. Considering the  features  of t he  morph- 
ology of the  cerebral  vascular system, it can be expected t h a t  the  distr ' ibution 
of blood volume i n  the  c ran ia l  cavi ty  m u s t  take place fundamentally between 
a r t e r i e s  based i n  the  cranium and veins based i n  the  formix, although many 
la rge  veins a re  a l s o  located a t  the  base of t he  cranium. To confirm the  ac tua l  
existence of such a t ransdis t r ibu t ion  of c ran ia l  blood pooling, during a number 
of var ia t ions i n  the  posi t ioning of electrodes at various distances from the  
base of t he  cranium ( f i g .  57), when electrodes were placed close t o  the base 
of the  cranium there  w a s  an increase i n  impedance during the  systole;  tkiis 
indicates  an increase i n  blood pooling i n  t h i s  area. When electrodes were placed 
near the  a rc  of the cranium, there w a s  a decrease i n  impedance indicat ing a 
decrease i n  blood pooling. Curves of pulse waves of the  in t r ac ran ia l  EPG r e -  
corded as i n  the  above cases were uniformly phased; here a change i n  blood 
pooling occurred i n  the  f i r s t  ha l f  of the  cardiac cycle. When electrodes occupied 
an intermediate pos i t ion  i n  recording an EPG, a steady change i n  the  direct ion 
of the  pulse wave w a s  noted ( f i g .  57).  
a s h i f t  i n  t he  d i s t r ibu t ion  of a r t e r i a l  and venous blood volumes i n  the cranium 
a t  the  moment of the basic  inflow of blood. 

As w a s  mention- 

These experiments indicate  t h a t  there  i s  

Figure 57. Pulse waves of the in t r ac ran ia l  
EFG i n  a dog recorded during various electrode 
disposit ions.  Acute experiment, duration: -< 1 see 

_ _ _ _ - - - - -  

Local pulse changes i n  c ran ia l  blood pooling were a l so  noted when the EPG 
w a s  recorded from electrodes implanted i n  cerebral  t i s sue .  Like data were ob- 
ta ined from human subjects  when EPGs were recorded from tens of gold electrodes 
implanted i n  deep sections of the  brain f o r  therapeut ic  purposes (Moskalenko 
e t  ax., 1964; Cooper e t  al., 1964). 

& 
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The parameters of pulse f luctuat ions of blood pooling i n  deep sections of 
the  bra in  d i f f e r  subs tan t ia l ly  from e a r l i e r  noted parameters of pulse  f luctua-  
t ions of the  in t r ac ran ia l  EPG recorded from surface electrodes.  The EFG read- 
out frm various combinations of implanted electrodes showed t h a t  the  nature of 
blood pooling pulsat ion i n  deep sections of the  brain depends l i t t l e  on the  
posit ioning of electrodes.  The parameters of curves obtained when electrodes 
were placed i n  various l eve l s  of the  white and gray m t t e r  were extremely close 

t o  one another. 1 

Local pulse  changes i n  the blood pooling i n  deep sections of the  brain a re  
distinguished by extremely var iable  amplitude. 
var ies  not only during the  action of some factors ,  but even i n  a quiet, supine 
human subject ( f i g .  58). 
pulse waves i n  deep sections of the  brain can reverse without any apparent rea- 
son both under normal con&tions and during the  act ion of some fac tors  ( f i g .  
58). 
the  brain was a l so  observed i n  curves obtained by Kedrov and Naumenko (1954) 
when recording an EFG from electrodes implanted i n  the  cerebral  t i s sue  of 
animals. 

Their magnitude s igni f icant ly  

I n  a number of cases we observed t h a t  the  direct ion of 

The v a r i a b i l i t y  of the  amplitude of EPG pulse  waxes i n  deep sections of 

Figure 58. Pulse waves of an in t r ac ran ia l  
EPG i n  a quiet, supine human subject recorded 
from electrodes 2.5 cm apart  located i n  the 

conditions (recorded a t  various r a t e s  and 
amplifications) ; 2. exposure t o  COP. Duration: 

, ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ " ' ~ ' '  I I I IJ I I t I S  I I* white matter of the  brain.  1, 3 under noxmal 
I 
1 1  ohm 3 1 sec 

I : - c - t - s s 3 - t t t  I . ,  

Pulse waves of blood pooling i n  deep sections of the  brain, as evident i n  & 
f igure  58, a re  subs tan t ia l ly  smoothed compared to blood pooling i n  surface areas. 
Pulse waves of s imilar  form were a l so  recorded by Kedrov and Naumenko (1954). 
What do pulse f luctuat ions i n  deep sections of the  brain represent? 

Volumetric reserves of deep sections of the  bra in  are  extremely l imited but 
ex i s t  nonetheless. 
blood pooling can occur as a function of the  flow of CSF from perivasuclar f i s -  
sures or  spaces of Virchow-Robin adjacent to deep vessels .  
poss ib l i ty  i s  suf f ic ien t ly  r e a l i s t i c  since the  existence of perivasucular f is-  
sures has been demonstrated i n  a number of morphological invest igat ions (Ranson 
and Clark, 1953; Zavarzin and Schelkunov, 1955 ; Shamburov, 1954; Bowsher, 1957 

According to Sepp (1928), pulse var ia t ions i n  cerebral  

We f e e l  t h a t  t h i s  

and otheks) .2 Some authors such as Sepp (1928) underlined the  great  significance 
of these spaces as absorbers of pulse f luctuat ions of pressure (Pedrazzini,  1938) 
%t should be observed t h a t  observations were conducted only i n  cases when elec- 
trodes were implanted i n  the  f ron ta l  area of the  brain.  

* A question open f o r  discussion here i s  whether these f i s su res  ( o r  spaces) are  
continous channels or  whether they are  interrupted a t  the  capi l la ry  leve l .  

111 



Furthermore, it i s  not impossible t h a t  the  d i l a t i o n  of deep a r t e r i e s  i s  
associated w i t h  the  construction of veins s i t ua t ed  i n  t h a t  same cerebral  area. 

I n  our opinion, the  l imited nature of volumetric reserves i n  deep sections 
of the brain were over-categorized by Kedrov and Naumenko (1954), who concluded 
t h a t  pulsat ion i n  these cerebral  areas i s  r e f l ec t ed  only by f luctuat ions i n  
blood flow r a t e  i n  the  absence of changes i n  the  volume of c i rcu la t ing  blood. 
To support t h i s  point  of view, these authors a l lude t o  the  f a c t  that ,  according 
t o  t h e i r  data from a study using an ac current  (about 280 kHz) fo r  electropleth- 
ysmography, changes i n  blood flow r a t e  a re  recorded. As  demonstrated i n  
Chapter I, i n  t h i s  electroplethysmographic frequency range changes i n  blood flow 
r a t e  are, i n  fact ,  pr imari ly  recorded. However, it i s  d i f f i c u l t  t o  reconcile 
ourselves with t h e  poin t  of v i e w  of Kedrov and Naumenko since, i n  an e l a s t i c  
system, each change i n  the  blood flow rate  must correspond t o  a change i n  blood 
pressure and the  latter of necessity m u s t  r e s u l t  i n  a change i n  the  volume of 
deep vessels.  

The curves shown i n  f igure  58 i l l u s t r a t e  the  presence of the volumetric 
pulse i n  deep vessels.  Contrary t o  the experiments of Kedrov and Naumenko, the 
EFG w a s  recorded a t  low frequencies i n  t h i s  case, such tha t  changes i n  e l e c t r i c a l  
conductivity r e f l e c t  changes i n  blood pooling. Nonetheless, the changes i n  
blood flow r a t e  associated w i t h  cardiac a c t i v i t y  and observed i n  the experiments 
of Kedrov and Naumenko ( 1954) absolutely do ex i s t .  

Having acknowledged t h e  existence of pulsat ions of blood volume and blood & 
flow r a t e  i n  the  vessels  of deep cerebral  areas, we must r e c a l l  earlier-mentioned 
contradictions t o  t h i s  point  of view (p.  92) r e f l ec t ed  by da ta  on the  absence 
of cerebral  pulsation. 

I n  our view, the  contradictions of two categories of data, i .e.,  the  pre- 
sence of pulsat ion i n  the closed c ran ia l  cavi ty  on one hand and i t s  absence i n  
a r t e r i e s  and cap i l l a r i e s  on the  other, a r e  only supe r f i c i a l ly  apparent and me 
due t o  the low s e n s i t i v i t y  of experimental methods. Data obtained by Klosovskiy 
support our notion of the  features  of i n t r ac ran ia l  pulsat ion indicating t h a t  the  
considered processes completely absorb pulse  f luctuat ions of pressure on the 
a r t e r i o l e  and capi l la ry  level,  although they have not ye t  been observed. 

Section 5. Changes i n  the  Parameters of Pulse Fluctuations 
of t he  In t r ac ran ia l  EPG and In t r ac ran ia l  Pressure 

During Accelerations 

As shown i n  the  previous sections, the  charac te r i s t ics  of pulse  f luctuat ions 
of in t racran ia l  pressure and blood pooling i n  the  cerebral  vascular system, 
t h e i r  amplitude and t h e i r  form under various conditions depend on the  e l a s t i c  
nature of the vascular network and, i n  par t icular ,  on the  tonus of cerebral  ves- 
s e l s  and the eff ic iency of compensatory mechanisms of changes i n  c ran ia l  blood 
pooling. 
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Therefore, invest igat ions of the dynamics of parameters of i n t r ac ran ia l  
pulsat ion during the  act ion of various factors  can be of subs tan t ia l  i n t e r e s t  
i n  comprehending the  character of changes i n  in t r ac ran ia l  c i rculat ion.  

However, up to the  present time, questions of changes i n  pulsat ion param- 
e t e r s  i n  the  closed c ran ia l  cavity during exposure to various physical fac tors  
have received l i t t l e  a t tent ion.  Only data on changes i n  the amplitude of 
pulse f luctuat ions of i n t r ac ran ia l  pressure are  known (Falkenheim and Naunyn, 
1887; Becher, 1922; Nadzharyan, 1958; Rider e t  a l . ,  1952; Belekhova, 1958; 
Naumenko and Vasilevskiy, 1962) as well  as the amplitude of pulse waves 
of the  in t r ac ran ia l  EFG and the  r a t e  of venous flow from the  cranium (Kedrov and 
Naumenko, 1954). 
corded by rheoencephalography during various pathological conditions ( Seipel  
e t  al., 1962; Jenkner, 1964; Yarullin, 1965; and others) .  

There a re  a l so  data  on changes i n  in t r ac ran ia l  pulsat ion re -  

Recently, the r e su l t s  of our investigations were published concerning 
changes i n  in t r ac ran ia l  pulsat ion during the  action of low-magnitude longitudinal 
accelerations (Moskalenko e t  a l . ,  1962, 1964a, 1964b; Cooper e t  al., 1964). 

I n  t h i s  section, we w i l l  systematically present the  data  from these publi-  
cations, having supplemented them with new experimental mater ia l  which we ob- 
ta ined during the  act ion of longi tudinal  and transverse accelerations as well  
as during the act ion of other fac tors .  

& 

We w i l l  analyze experimental da ta  on the  dynamics of the  parameters of 

However, we w i l l  f i r s t  consider how ( i f  we proceed from f igure  25) some 
pulse  f luctuat ions of blood pooling and in t racran ia l  pressure during acceler- 
ations.  
more elementary factors,  influencing only some individual l inks  of t h i s  p ic ture  
while leaving the  remainder unchanged, a f fec t  t h i s  dynamic process. This per- 
m i t s  revealing more completely the  problem of the  mechanisms of changes i n  in t r a -  
c r an ia l  pulsation. 

During increased venous pressure i n  the cerebral  vascular system caused by 
the  impedance of venous re turn  from the  cranium, pulse waves of the  in t r ac ran ia l  
EFG must a l so  increase, s ince the  compensation of changes i n  blood pooling i n  
the c ran ia l  cavity v i a  venous flow from the  cranium i s  inh ib i ted  i n  t h i s  case 
and the  magnitude of the  compensatory flow of CSF i n t o  the  sp ina l  cavity in -  
creases. The l a t t e r  must a l so  lead to a complication of t he  form of pulse waves 
(p. 101). 
t h a t  during the  occlusion of both jugular veins, pulse waves on the curve of the  
in t r ac ran ia l  EPG increased somewhat and t h a t  t h e i r  form was more complex ( f i g .  

Actually, i n  acute experiments on animals (dogs and ca ts )  we observed 

59,2) 

During the  impedance of venous flow from the  cranium occurring simultaneously 
with an increase i n  the amplitude of pulse waves of the  in t r ac ran ia l  EFG, an 
increase i n  the  amplitude of i n t r ac ran ia l  pressure pulsat ion i s  t o  be expected, 
which i s  a l so  confirmed by experimental data ( f i g .  59, l ) .  



Figure 59. Change i n  the pulse waves of the in t racran ia l  
EPG (1) and in t r ac ran ia l  pressure (2)  i n  cats  during 
occlusion of both jugular veins. Acute experiment. 
Duration: 1 sec 

The increase i n  in t r ac ran ia l  pressure must correspond t o  an increase i n  
the  amplitude of i t s  pulsation since during increased in t r ac ran ia l  pressure, the 
transmission of a r t e r i a l  pulsation of the CSF i s  f a c i l i t a t e d .  

Actually, Ryder e t  a l .  (1952) demonstrated t h a t  during an increase i n  the /134 
volume of CSF i n  the c ran ia l  cavity inducable by an in jec t ion  of a physiological 
solution (Riuger 's solution) i n t o  the subarachnoid space, pulse fluctuations of 
in t racran ia l  pressure increase. McQueen and Jeanes (1964), i n  studying the ro le  
of increased f l u i d  pressure caused by the in f l a t ion  of a rubber bulb inser ted 
i n t o  the c ran ia l  cavity, made it a special  point t o  s t r e s s  t h a t  during hyper- 
tension, pulse waves of i n t r ac ran ia l  pressure increase.  

We a lso  observed an increase i n  the amplitude of pulse waves of in t racran ia l  
pressure and cran ia l  blood pooling i n  an acute experiment conducted on cats 
during increased in t r ac ran ia l  pressure caused by pressure applied t o  the abdomen 
( f i g .  29). 

Therefore, regardless of the  method, during increased in t r ac ran ia l  pressure 
the  amplitude of i t s  pulse osc i l la t ions  increases. 

A change i n  the  tonus o f a r t e r i a l  vessels  must subs tan t ia l ly  a f fec t  the 
parameters of pulse waves of in t racran ia l  pressure and the in t r ac ran ia l  EPG, 
since under t h i s  condition the  coeff ic ient  of transmission of pulse pressure waves 
t o  the  CSF changes. For instance, a decrease i n  the  tonus of cerebral  a r t e r i e s  
a l lev ia tes  the transmission of pulse f luctuat ions of blood pressure t o  the CSF, 
which r e su l t s  i n  an increase i n  the amplitude of pulsat ion of both the in t r a -  
c ran ia l  EPG and in t r ac ran ia l  pressure. 

This i s  confirmed by experimental data. Naunenko and Vasilevskiy (1962) 
recorded an increase i n  the  amplitude of pulse f luctuat ions of i n t r a c r a n i a l p r e s -  
sure while Kedrov and Naumenko (1954) observed an increase of pulse fluctuations 
i n  the in t racran ia l  EFG and drops i n  the  r a t e  of venous flow during a sharp de- 
crease i n  the  tonus of cerebral  vessels caused by CO respirat ion.  An increase 2 



i n  the  amplitude of i n t r ac ran ia l  pulsat ion during vasodilatory reactions was 
observed by Bekhterev and Myasishchev (1928). 

We observed a 2- t o  3-fold increase i n  pulse f luctuat ions of c r an ia l  blood 
pooling during the vasodilatory react ion of i n t r ac ran ia l  vessels d i r ce t ly  a f t e r  
the  action of accelerations, which caused the  blood t o  flow away from the  head. 
A s  shown i n  f igure  60, the  subs tan t ia l  changes assume the  very form of pulse 
f luctuat ions . 

Figure 60. 
c r an ia l  EPG i n  the  ca t  during the  decreased 
tonus of i n t r ac ran ia l  vessels a f t e r  exposure 
t o  a pos i t ive  acceleration of 1 G+*. 
experiment. 1. before acceleration; 2. a f t e r  
acceleration. Duration: 2 sec 

Change i n  pulse waves of the  in t r a -  

Acute 

The indicated data, showing r e su l t s  o f  one or another fac tor  on parameters 
of in t racran ia l  pressure, encompass only a small port ion of the  fac tors  ex- 
perienced by the  organism under normal conditions. 

During accelerations,  the  dyTlamics of parameters of pulse f luctuat ions of 
blood pooling and in t r ac ran ia l  pressure a re  determined by a number of passive 
and ac t ive  fac tors .  The f i r s t ,  as we have already indicated, i s  a change i n  
venous f l o w  from the  c ran ia l  cavi ty  and conditions of the  compensatory s h i f t  of 
CSF i n t o  the  sp ina l  cavity;  the  second i s  the  spec i f ic  reactions of the cerebral  
vascular system and other cardiovascular systems t o  such a fac tor .  

& 

I n  consideration of the  basic  fac tors  determining the  parameters of i n t r a -  
c ran ia l  pulsat ion during longi tudinal  accelerations,  we simultaneously recorded 
pulse f luctuat ions of the  in t r ac ran ia l  EPG, i n t r ac ran ia l  pressure, the l e v e l  of 
blood pooling i n  the  c ran ia l  cavity, and CSF pressure. This permitted revealing 
the  moment of inclusion of ac t ive  reactions of the  cerebral  vascular system 
during the act ion of the  stimulus. 

One addi t ional  factor,  whose possible  influence on parameters of i n t r a -  
c r an ia l  pulsat ion should be considered, i s  a change i n  cardiac a c t i v i t y  developing 
as a r e s u l t  of longi tudinal  accelerations.  However, a f a i r l y  extensive amount 
of experimental data  accumulated i n  recent  years indicates  t h a t  a change i n  
cardiac a c t i v i t y  i s  extremely ins igni f icant  during the  majority of experiments 
i n  which accelerations such as those i n  our s tudies  (up t o  1 G )  are  used. 
and Fitzsimons (1959) demonstrated t h a t  noticeable changes i n  human hear t  r a t e  
occw during exposure t o  pos i t ive  accelerations s t a r t i n g  a t  1 .5-  2.0 G. Accord- 
ing t o  Lindberg e t  a l .  (1960), a r t e r i a l  pressure var ies  by 9 percent and 
*-- - 
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1 G =  the  magnitude of the  longi tudinal  vector. 



minute cardiac volume by 7 percent i n  the dog during exposure t o  pos i t ive  acc- 
e lerat ions of about 2 G. 
Hershgold ( 1960) and Shanker (1963). 
of a r t e r i a l  pressure were made as a control of cardiac ac t iv i ty .  

Similar data  a re  a l so  t o  be found i n  the  works of 
Nevertheless, i n  many cases, observations 

I n  the absence of act ive reactions of the  cerebral  vascular system during /136 
r e l a t ive ly  small negative accelerations, an inf lux  of blood t o  the  c ran ia l  
cavity i s  associated with an increase i n  the  amplitude of pulse f luctuat ions 
of in t racran ia l  pressure by 15-20 percent and a s igni f icant  complication of the 
form of pulsation curves. 
of pulse f luctuat ions of i n t r ac ran ia l  pressure assumes a contradictory nature 
and t h e i r  amplitude increases by a fac tor  of 1.5-2.0 ( f i g .  61). 
changcs a re  also experienced by pulse f luctuat ions of t o t a l  blood pooling i n  the  
c ran ia l  cavity. During negative accelerations,  the  amplitude of pulsation usually 
decreases somewhat and the  form of the  f luctuat ion i s  complicated. During posi- 
t i v e  accelerations, peaks i n  pulse curves of the  in t r ac ran ia l  EPG are  smoothed 
and pulsat ion amplitude simultaneously increases s ign i f icant ly .  

During pos i t ive  accelerations,  a change i n  the form 

Signif icant  

-- Figure 61. 
of the  in t r ac ran ia l  EPG (1) and in t r ac ran ia l  
pressure (2 )  i n  a dog during Tow-magnitude 
longitudinal accelerations a. before accel- 
eration; b. during pos i t ive  acceleration; 
e. during negative acceleration. Duration: 
1 see 

Changes i n  the  pulse f luctuat ions 

I n  d i f fe ren t  groups of biological  specimens, the  dynamics of in t racran ia l  
pulsat ion during exposure t o  posi t ive and negative accelerations are  ident ical .  
Thus, we observed a complication of the  form of pulse changes of c ran ia l  blood 
pooling i n  both mammals ( f i g .  61) and r e p t i l e s  ( f i g .  62). The grea tes t  changes 
i n  the  parameters of i n t r ac ran ia l  pulsations were noted i n  cases where the 
spec t ra l  composition of pulse waves under normal conditions were characterized 
by a r e l a t ive ly  high complement of high-frequency harmonics. 
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Figure 62. 
i n t r ac ran ia l  EFG i n  the  t u r t l e  during longitudinal 
accelerations.  1. before acceleration; 2. &wing 
a 1-G negative acceleration; 3. during a 1-G posi-  
t i v e  acceleration. Duration: 1 sec 

Change i n  pulse f luctuat ions of the  

We observed these changes i n  the  parameters of pulse f luctuat ions of blood ' 

pooling and CSF pressure i n  the  closed c ran ia l  cavity in animals under moderate 
urethane anesthesia a t  longi tudinal  accelerations of up to 0.4-0.5 G and under 
deeper anesthesia a t  accelerations of up t o  0.8-1 G. Such a difference i n  the  
acceleration magnitude corresponds t o  a d i f fe ren t  threshold of inclusion of 
cerebral  vascular react ions.  

& 

The dynamics of the  amplitude of pulse f luctuat ions of the  ' in t racran ia l  EPG 
and in t r ac ran ia l  pressure during longitudinal accelerations within the  l imi t s  
outl ined above can be understood i f  we proceed from pecu l i a r i t i e s  of the  com- 
pensation of changes i n  blood volume i n  the c ran ia l  cavity. Actually, during 
a negative accelerat ion the  impedance of venous flow from the cranium causes an 
increase i n  the mean l e v e l  of i n t r ac ran ia l  pressure resu l t ing  i n  a r i s e  i n  the  
amplitude of i t s  pulse fluctuations,  while the  amplitude of pulse  f luctuat ions 
of blood pooling decreases, since t h e i r  compensation i s  rendered more complicated. 
A complication of the  form of pulsat ion indicates t h a t  the significance of the  
second compensatory pathway of c r an ia l  blood pooling increases despi te  the  f a c t  
t h a t  during negative accelerations the  s h i f t  of CSF t o  the  sp ina l  cavity i s  
a l so  impeded. 
during pos i t ive  accelerations i n  a l l  l ikelihood leads t o  a simultaneous increase 
i n  pulse  waves of the  in t r ac ran ia l  E X  and in t r ac ran ia l  pressure. 

A change i n  the  re la t ionship  between the  mechanisms of compensation 

The f a c t  t h a t  there  i s  a change i n  the  r e l a t ive  r o l e  of the  compensatory 
mechanisms of pulse  increases i n  c ran ia l  blood pooling during accelerations i s  
confirmed when a comparison i s  made of pulse changes i n  blood pool9ng i n  the  
c ran ia l  and sp ina l  cav i t ies  during longi tudinal  accelerations of various magni- 
tudes. 
phase of the  pulse  wave of t he  cerebrospinal EPG corresponding t o  a s h i f t  of 
CSF f romthe  c ran ia l  cavity t o  the  sp ina l  cavity during an inf lux  of blood to 
the  head i s  more pronounced when cornpaxed t o  a s i tua t ion  caused by a pos i t ive  
acceleration and i s  l e s s  pronounced during the  flow of blood away from the  head. 

Figure 63 shows c lear ly  t h a t  during a negative accelerat ion the  n e g a t i v e m  

During negative accelerations,  t he  consequence of an increase i n  the  mean 
l eve l  of pressure i n  the  system of the  vena cava superior a re  noticeable pulse - 

f luctuat ions i n  the  per ipheral  sect ion of the  jugular vein ( f i g .  64) which can 
be recorded under normal conditions. 
pressure of venous blood flowing away from the  bra in  during negative accelerations 

The increase of pulse  f luctuat ions of 
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also indicates  t ha t  the compensation of pulse changes i n  blood pooling due t o  
venous flow from the  cranium i s  impeded i n  t h i s  case. 

4 
Figure 63. A change i n  pulse  waves of the 
in t r ac ran ia l  (1) and cerebrospinal (2 )  EPG 
i n  a dog during longi tudinal  accelerations.  
a. pos i t ive  acceleration; b. negative accel- 
eration. Duration: 1 see 

We observed subs tan t ia l  changes i n  the  pulse f luctuat ions of the  in t r a -  
c ran ia l  EPG and in t r ac ran ia l  pressure during transverse accelerations.  I n  
acute experiments on dogs a t  accelerations of 8-10 G,  there  was often somewhat 
of an increase i n  the amplitude of CSF pressure f luctuat ions i n  the  c ran ia l  
cavity short ly  a f t e r  the  beginning of exposure ( f i g .  65) .  Simultaneously with 
an increase i n  pulse  f luctuat ions of in t racran ia lpressure ,  there  i s  a decrease 
i n  pulse f luctuat ions of c ran ia l  blood pooling. Upon a fur ther  increase i n  
acceleration magnitude ( t o  15-20 G) ,  pulse f luctuat ions of i n t r ac ran ia l  pressure 
as well  as f luctuat ions of the  in t r ac ran ia l  E X  decrease when compared t o  a 
normal background. However, a t  s t i l l  higher accelerations (35-40 G) pulse 
f luctuat ions of i n t r ac ran ia l  pressure subs tan t ia l ly  increase once again ( f i g .  
65).  After stopping the  centrifuge, pulse waves of i n t r ac ran ia l  pressure and 
the in t r ac ran ia l  EPG as a ru l e  were s ign i f icant ly  increased r e l a t ive  t o  t h e i r  
pre-exposure values. 

Figure 64. 
the  peripheral  section of the  jugular 
vein of the ca t  during a 0.8-G negative 
acceleration. Acute t e s t .  Duration: 
1 see 

Change of pressure i n  

A t  medium acceleration magnitudes (up t o  10-15 G), normalization of the 
amplitude of pulsat ion i n  a dog under anesthesia occurred 1-2 min a f t e r  
stopping the  centrifuge, while at greater  magnitudes (25-40 G) t h i s  process 
took 4-8 min. 
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We observed subs tan t ia l  changes i n  the  amplitude of pulse  f luctuat ions of 
the  human in t r ac ran ia l  EPG recorded from electrodes placed on the  skin of the  
head during transverse accelerations of 10-12 G ( f i g .  66). After the  beginning 
of ro ta t ion  and during a steady buildup t o  2-3 G, pulse waves of the  in t r a -  
c r an ia l  EPG did not noticeably change, but  l a t e r  t h e i r  amplitude dropped sharp- 
l y .  When we stopped the  centrifuge, pulse waves of the  human EFG recovered to 
the  or ig ina l  l e v e l  during a slow-down t o  2-4 G. 
stopped, pulse waves of the  in t r ac ran ia l  EPG often increased somewhat and t h e i r  
subsequent decrease t o  the  or ig ina l  l e v e l  was observed 3-6 min a f t e r  the  cent r i -  
fuge vas stopped. 

After the  centrifuge was 

a t 

Figure 65. Pulse f luctuat ions of i n t r a -  
c r an ia l  pressure i n  a dog under normal 
conditions (a) and t h e i r  var ia t ion  during 
exposure to accelerations (b )  . 
experiments. 1. during a 1 0 - G  transverse 
acceleration; 2. during a 4 0 4  transverse 
acceleration. Duration: 1 sec. 

Acute 

The dynamics of i n t r ac ran ia l  pulsations during transverse acc-erations are  
apparently conditioned by a number of fac tors ;  pulmonary blood deposition and 
disrupted cardiac a c t i v i t y  can be considered as some elementary mechanisms which 
lead t o  a s h i f t  i n  systemic a r t e r i a l  and venous pressure and decreased blood 
oxygenation (Armstrong, 1954; Kotovskaya and Yuganov, 1962; Wood e t  al. ,  1963; 
Hard&, 1964; Banchero e t  al., 1965). I n  i t s  own unique fashion, t h i s  could 
cause a s h i f t  i n  the  conditions of blood inf lux t o  and venous flow away from 
the  cranium and a change i n  the  tonus of ce reb ra lvesse l s .  It i s  not impossible 
t h a t  a t rans-d is t r ibu t ion  of blood i n  the  cranium i s  also of considerable 
significance i n  possibly leading t o  a disruption of blood supply t o  individual 
sections of t he  brain.  The accompanying longitudinal component of the  acceler- 
a t ion  might a l so  play a small ro le .  

Data obtained during high magnitudes of acceleratton require  spec ia l  con- 
s idera t ion  s ince they appear t o  be paradoxical; a t  high accelerations,  the  v i t a l  
organs of the  c i rcu la tory  system are  p rac t i ca l ly  nonfunctional. 



Figure 66. Change i n  the amplitude of pulse 
f luctuat ions of the human in t r ac ran ia l  EPG 
during transverse accelerations.  Electrodes 
placed on the  skin of the head. 

Upper arrows=magnitude of accelerat ion during 
buildup; arrows pointing- down=slowing- down of the 
centrifuge. Upper curves EPG; lower curves, 
resp i ra tory  movements. 1. before exposure; 
2-r7 during exposure; 8. 2 min a f t e r  exposure. 

One of t he  few possible explanations of t h i s  phenomenon might be based 
on a hypothesis of t he  existence of wt ive  pulse  changes of tonus i n  i n t r a -  
c ran ia l  vessels occurring as a r e s u l t  of the  in te rac t ion  of cerebral  centers 
control l ing card iac  a c t i v i t y  and resp i ra t ion  on one hand and centers controll ing 
cerebral  vascular tonus on the other. I n  other words, t h i s  phenomenon agrees 
with the notion of Yanovskiy (1922)  r e l a t i v e  t o  the  per ipheral  heart, which w a s  
subjected t o  serious c r i t i c i sm by a number of authors (Val 'dman,  1961). 

It i s  possible t h a t  under normal conditions, ac t ive  pulse  changes of cere- 
b r a l  vascular b n e s  are masked by processes of a mechanical nature, i .e. ,  by 
pulsed fluctuations of a r t e r i a l  pressure which render them d i f f i c u l t  t o  observe. 
However, under very extreme conditions, during the  act ion of high-magnitude 
transverse accelerations, when the  hear t  continues t o  function but i t s  delivery 
pressure i s  absent, pulse  changes i n  the  tonus of i n t r ac ran ia l  vessels become 
noticeable. For such an explanation t o  have credence, fu r the r  investigations on 
t h i s  in te res t ing  problem must be conducted. 
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We w i l l  now consider features  of the  dynamics of pulse  changes of blood 
pooling i n  deep sect ions of t he  bra in  under various conditions. Observations 
which w e  conducted on human subjects with implanted electrodes demonstrated t h a t  
the  amplitude of pulse f luctuat ions of blood pooling during exposure t o  various 
12 0 



f ac to r s  decreased somewhat as a ru le .  Hence, the amplitude of pulse changes i n  
the  blood pooling of deep cerebral  regions decreases by several  times both 
during pos i t ive  and negative accelerations,  during C O  respirat ion,  and during 

pressure applied to the  abdomen; it can change, as we demonstrated e a r l i e r  
(p. 111) i n  the  absence of any physical  fac tors  ( f i g .  67). 
tude of pulse f luc tua t ions  of blood pooling i n  deep cerebral  areas are  accomp- 
anied by s h i f t s  i n  t h e i r  phase which axe so  grea t  t h a t  they cannot be explained 
by var ia t ions i n  the  propagation r a t e  of the  pu-lse wave ( f i g .  68). 
of pulsat ion i n  a l l  these cases does not change f o r  a l l  p rac t i ca l  purposes. 

2 

Changes i n  the  ampli- 

The form 

Figure 67. Dynamics of the  human i n t r a -  
c r an ia l  EPG during longi tudinal  accelerations.  
Electrodes implanted i n  the  white matter 
of the  brain. Distance between electrodes i s  
2.5 cm. 1. pos i t ive  0.5 G acceleration; 
2. negative 0.5 G acceleration. Duration: 
1 see 

These fac tors  ind ica te  t h a t  the  dynamics of pulse f luctuat ions of blood 
pooling i n  deep cerebral  areas a re  subordinated by mechanisms which d i f f e r  
from those which determine the  dynamics of pulse f luctuat ions of i n t r ac ran ia l  
pressure and t o t a l  blood pooling i n  the  c ran ia l  cavity. However, changes i n  
t h e  t o t a l  blood pooling i n  the  c ran ia l  cavi ty  a f f ec t  the  magnitude of the  
pulsat ion of blood pooling i n  deep cerebral  sections,  causing a more-or-less 
s ign i f icant  decrease i n  t h i s  phenomenon i n  the majority of cases. 

The dependence of changes i n  the  amplitude of pulsat ion of blood pooling 
i n  deep cerebral  sections on the  l e v e l  of t o t a l  blood pooling i n  the  c ran ia l  
cavity can be understood, having recognized tha t  t he  basic portion of the  energy 
of sys to l i c  pressure diverges i n t o  the  surface cerebral  vessels .  Here, the  
magnitude of pulse changes i n  blood pooling i n  deep vessels w i l l  depend on the  
difference between the  energy of pulse  f luctuat ions of blood pressure i n  
c ran ia l  a r t e r i e s  and energy expended by the  pulsed flow of blood and CSF from 
the  c ran ia l  cavity. 
expenditure for t he  transmission of pulse waves t o  the  c ran ia l  cavi ty  increases, 
since i n  some cases blood f l a w  from the  cranium i s  impeded while i n  others, t o  
t he  contrary, more favorable conditions a re  created f o r  efflux. Thus, during 
exposure t o  many factors ,  a decrease i n  the  amplitude of pulse f luctuat ions of 
blood pooling i n  deep sections of t he  brain i s  observed--right down t o  i t s  
complete disappearance. Therefore, pulse  changes i n  blood flow under cer ta in  
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During exposure t o  the  majority of factors,  the  energy 
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conditions can be completely extinguished even i n  deep cerebral  a r te r ies ,  not 
t o  mention a r t e r io l e s  and capi l la r ies .  

* - - - 3 ] m  0.5 

ll.? 
see 

Figure 68. Change i n  the human in t r ac ran ia l  
EPG recorded under the same conditions as i n  
f igure  67 during pressure applied t o  the 
abdomen. 1. EPG; 2. ECG; 3. Change i n  the 
in t e rva l  of time between the  R wave of t he  
cardiogram and the  peak of the  in t r ac ran ia l  
EFG . 
Arrows show beginning and end of pressure.  
Duration: 1 see 

During exposure t o  fac tors  wherein in t r ac ran ia l  pressure increases but 
conditions f o r  the  flow of venous blood from t h e  cranium are  unaltered, pulse- 
wave transmission from the  a r t e r i a l  t o  the venous system of the  brain takes 
place with a smaller expenditure of energy. A s  i s  evident i n  f igure 68, the  
f i r s t  moments a f t e r  the beginning of the f ac to r  r e s u l t  i n  a somewhat increased 
amplitude of pulsations.  

Thus far, it i s  d i f f i c u l t  t o  f u l l y  comprehend the  reason f o r  phase s h i f t s  /14j 
of pulse f luctuat ions of blood pooling i n  deep cerebral  areas, especial ly  i t s  
spasmodic B o 0  changes ( f i g .  68). 

It i s  possible t h a t  such a phase s h i f t  i s  determined by compehsatory con- 
d i t ions  of blood pooling i n  cerebral  a r t e r i e s  of the  p i a  mater. Hence, for 
instance, i f  more favorable conditions f o r  t h e  compensation of blood pooling 
changes a re  created by the  flow of venous blood from the  cranium, which i s  ob- 
served a t  the beginning of the cardiac cycle, the  phase s h i f t  of pulsations i n  
deep cerebral  areas must increase. If there  i s  an improvement i n  conditions 
f o r  the  compensation of pulse changes i n  blood pooling i n  the  c ran ia l  cavity by 
v i r tue  of CSF flow i n t o  the  sp ina l  cavity, the  phase s h i f t  must decrease. This 
hypothesis i s  confirmed t o  a cer ta in  degree by data on changes i n  the  phase of 
human EFG pulse waves compared t o  ECG curves ( f i g .  68) during abdominal pressure. 
During the action of t h i s  factor ,  t he  compensatory flow of CSF i n t o  the sp ina l  
cavity is  impeded as a r e s u l t  of increased blood pooling i n  the  sp ina l  sinuses, 
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while a compensation of changes of blood pooling i n  p i a  mater vasculature i s  
improved as a r e s u l t  of increased in t r ac ran ia l  pressure. Here, a decrease i n  
the  phase s h i f t  of pulsat ion i n  deep cerebral  areas i s  observed. 

CONCLUSION 

Above all, the  data  considered i n  the  present chapter f a i r l y  c lear ly  en- 
dorse the  existence of pulsat ion i n  the closed c ran ia l  cavity. The features  
of parameters of i n t r ac ran ia l  pulsat ion were considered, taking i n t o  account 
hydrodynamic relat ionships  i n  the  closed c ran ia l  cavity as i l l u s t r a t e d  i n  f igure  
25.  Such an approach t o  the  analysis of the  experimental mater ia l  permitted 
comprehending the  general p ic ture  of processes t ranspir ing i n  the  closed c ran ia l  
cavity during the  pulsat ing influx of blood t o  the  cranium under normal con- 
di t ions as well  as during the  act ion of a number of factors ,  pa r t i cu la r ly  acc- 
e l e r  a t  ion. 

The important fea ture  of per iodic  changes i n  c ran ia l  blood pooling and 
in t racran ia l  pressure i s  the  f a c t  t ha t  t h e i r  amplitude and form depend primarily 
on pecu l i a r i t i e s  of the compensation of changes i n  blood pooling i n  the  closed 
c ran ia l  cavity as considered i n  Chapter 2, and not on t h e i r  evoked parameters-- 
pulse f luctuat ions of a r t e r i a l  pressure. 

The approach used i n  t h i s  chapter t o  an analysis of the  experimental ma- 
t e r i a l  cannot, however, explain a l l  the aspects of phenomena observed during the 
pulsed inf lux of blood to the  cranium. It i s  en t i r e ly  possible t h a t  the  reason 
f o r  t h i s  i s  the  somewhat simplified notions of the  hydromechanical qua l i t i es  of 

a lso possible tha t  i n  a number of s i tuat ions,  act ive pulse changes i n  the  tonus 
of i n t r ac ran ia l  vessels begin t o  influence the pulsat ion of blood pooling and 
in t r ac ran ia l  pressure which under normal conditions a re  completely masked by 
a complex array of hydromechanical processes. This hypothesis i s  confirmed by 
the  data  obtained during the  act ion of high magnitudes of accelerations (up t o  
40 G ) .  However, as we have already stressed, t h i s  problem requires fur ther ,  
more ref ined analysis.  

the  closed c ran ia l  cavity which emerge from an analysis of  f igure  25. It i s  /144 

On the  basis  of t he  mater ia l  considered, an important conclusion i n  the  
p rac t i ca l  sense can be made: an analysis of the  parameters of i n t r ac ran ia l  
pulsation, i. e., pulse f luctuat ions of i n t r ac ran ia l  pressure and cran ia l  blood 
pooling, can y i e ld  valuable information on the  condition of the  in t r ac ran ia l  c i r -  
culatory system. I n  t h i s  respect, the  spec t ra l  method f o r  evaluating the  form 
of pulse waves i s  of pa r t i cu la r  i n t e re s t .  Data on the  amplitude and phase of 
t h e i r  harmonic components,aside from a quant i ta t ive expression of o sc i l l a t ion  
form, can a l so  be used as o r ig ina l  mater ia l  f o r  studying individual links of 
the  cerebral  vascular system using the methods of frequency analysis of physical  
systems applicable t o  the  theory of automatic regulat ion and f o r  the  analog 
modeling of these l inks.  



CHAPTER 4. NATURE OF RESPIRATORY WAVES I N  THE CLOSED CRANIAL 
CAVITY UNDER NOFiMAL CONDITIONS AND UNDER GRAVITATIONAL 

STRFSSES. THIRD-ORDER WAVES 

In t r ac ran ia l  electroplethysmography and electromanometers connected t o  the /145 
subarachnoid space a re  generally used t o  record per iodic  f luctuat ions synchronous 
with resp i ra tory  movements and s i m i l a r  t o  resp i ra tory  changes i n  the  blood 
volume of other p a r t s  of t he  body t h a t  a r e  recorded by means of electroplethysmo- 
graphy and mechanoplethysmography ( f i g .  69). Consequently, the  cerebrovascular 
system i s  no exception i n  t h i s  respect.  
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Figure 69. 
(l), i n t r ac ran ia l  EPG (2), and resp i ra tory  waves of 
the  EPG of t he  f ron t  paw i n  a dog (3).  

Respiratory waves of i n t r ac ran ia l  pressure 

Acute experiment. The arrows pointing downward indicate  
insp i ra t ion  ; those pointing upward, expiration. 
Time marker - 1 sec 

It i s  'common knowledge t h a t  respiratory changes i n  the  blood volume of 
various pa r t s  of the body r e s u l t  from several  factors ,  the  main ones being the 
suction exerted by negative pressure i n  the  chest, which promotes the  outflow 
of venous blood during inspiration, and r e f l ex  elevat ion of a r t e r i a l  pressure 
i n  a cer ta in  phase of the  respiratory cycle due t o  the increased frequency of 
cardiac contractions and constr ic t ion of the a r t e r io l e s .  These factors  a re  
a l so  p a r t l y  responsible f o r  t he  occurrence of respiratory f luctuat ions i n  the  
cerebral  blood volume. However, respiratory waves i n  the  cerebrovascular sys - 
tem have some unusual features  as compared with other pa r t s  of the  body. These 
a re  caused by the  nature of the hydromechanical re la t ions  i n  the  closed c ran ia l  
cavi ty  . 

We s h a l l  consider i n  t h i s  chapter the charac te r i s t ics  of respiratory waves 
i n  the  cerebrovascular system, t h e i r  ro l e  i n  ensuring normal in t r ac ran ia l  c i r -  
culation, and the  dynamics of these waves during gravi ta t iona l  s t resses .  I n  
addition t o  the  respiratory waves, we s h a l l  a l so  examine third-order waves i n  
the  cereb rovas cular system. 
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Section 1. Respiratory Waves i n  the  In t r ac ran ia l  Cavity 
Under Normal Conditions 

The existence of resp i ra tory  waves i n  the in t r ac ran ia l  cavity was f i rs t  ob- 
served by Magendi. Two years l a t e r  Ecker (1844) spec i f i ca l ly  invest igated t h i s  
phenomenon and concluded t h a t  during insp i ra t ion  an increase i n  pressure i n  the  
ver tebra l  veins below the  diaphragm increases the  blood volume of the  ver tebra l  
sinuses, thus causing the  CSF t o  flow i n t o  the  c ran ia l  cavity.  
the  ver tebra l  sinuses a re  emptied and the  f l u i d  returns  t o  the  ver tebra l  cavity. 
Two years l a t e r  Richet (1846) a l so  concluded t h a t  during the  respiratory cycle 
a cer ta in  amount of subarachnoid f l u i d  "overflows" from the  c ran ia l  cavity in to  
the  ver tebra l  cavi ty  and then returns.  
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During expiration 

Subsequent s tudies  ( Berthold, 1869; Salathe, 1876; Mosso 1881; Knoll. 1886; 
Nagel', 1889; Reznikov and Davidenkov, 1911; Becher, 1922; Ewig and Lullies,  
1924) produced new but qu i te  contradictory fac tua l  material  on the  or ig in  and 
nature of respiratory waves i n  the  c ran ia l  cavity.  For example, Becher writes 
t h a t  "the cerebral  c i rcu la t ion  i s  caused by pendulum-like f luctuat ions of a cer- 
t a i n  amount of CSF between the  cranium and distended sp ina l  sac and by the  com- 
pensatory outflow of venous blood" (Becher, 1922, p. 325). According t o  t h i s  
author, resp i ra tory  f luctuat ions of CSF pressure i n  the  cerebral  and spinal  
cav i t ies  spread i n  wavelike fashion, l eve l  out near the  foramenmagnum; and then 
spread i n  waves down t o  the  lumbar region. Thus, the  source of the  respiratory 
changes i n  the  c ran ia l  blood volume i s  the  f luctuat ions of pressure i n  the  cere- 
b r a l  venous system. 

Ewig and Lul l ies  recorded the  respiratory f luctuat ions of lumbar pressure 
i n  human beings with a photomanometer and found t h a t  "the resp i ra tory  pulse i n  
the  cranium" depended i n  many of the  individuals they examined mainly on respi-  
ra tory  f luctuat ions of pressure i n  the  venous plexuses of the  sp ina l  cavity. 
Thus, according t o  these authors, contrary to Becher, resp i ra tory  f luctuat ions 
of pressure i n  e i the r  the  cerebral  or sp ina l  veins, depending on the  type of 
respirat ion,  may play the  leading ro l e  i n  the  formation of CSF movements. A 
t h i r d  view on the  or ig in  of resp i ra tory  waves i n  the  cranium was put  forward a t  
the same time as the  above two views (Mays, 1882; Nagel' ,  1889; Reznikov and 
Davidenkov, 1911; others) .  
cavity and in t r ac ran ia l  pressure have an a r t e r i a l  or igin.  

Bowsher, 1953, 1960; Moskalenko and Naumenko, 1957; Belekhova, 1958; others j  and 
our own recent s tudies  a re  very he lpfu l  i n  resolving the  above contradictions 
and they afford a general  p i c tu re  of the  phenomena i n  the  cerebrovascular system 
ar i s ing  from resp i ra tory  movements. 
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I n  t h i s  view the resp i ra tory  waves of the  c ran ia l  

Continued research with the  help of be t t e r  methods (Ryder e t  al . ,  1952. 

Simultaneous recording of EPGs of the  cranial 'and sp ina l  cav i t ies  and in t r a -  
c r an ia l  pressure shows t h a t  resp i ra tory  movements a re  accompanied by f luctuat ions 
of the  blood volume i n  the  c ran ia l  and sp ina l  cav i t ies  i n  the  opposite direction, 
t h a t  the  c ran ia l  blood supply decreases during insp i ra t ion  but  increases during 
expiration. Changes i n  the  blood volume and CSF pressure i n  the  c ran ia l  cavity 
during resp i ra t ion  have opposite directions,  whereas the  direct ions of the  
f luctuat ions of CSF pressure and blood volume of the  sp ina l  cavity coincide 

~ 

( f i g .  70). 
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_ _ _ _ _ _ _ _ _  ___________- -__-___- - - -  
Figure 70. Phase correlat ions of resp i ra tory  waves 
i n  the cerebral  c i rcu la t ion  of a dog. 

Acute experiment. 1. resp i ra tory  movements of the 
chest;  2. ar ter ia l  pressure; 3 .  blood pressure i n  
a r t e r i e s  a t  t he  base of the cranium (measurement 
by HGthle ' s  method) ; 4. i n t r ac ran ia l  pressure;  
5 .  i n t r ac ran ia l  E E ;  6. pressure i n  the lumbar 
segment of the sp ina l  column; 7. sp ina l  E X .  
T'ime marker - 1 sec. 

The amplitude of the  respiratory waves of CSF pressure i n  ca ts  and dogs 
ranges, according t o  our data, from 1 t o  4 cm H20, which i s  consistent with the 

findings of O'Connell (1943) and Belekhova (1958). The amplitude of the respi-  
ra tory  changes i n  the in t r ac ran ia l  EPG i n  the  same animals ranges from 0.05 t o  
0.2 percent of the t o t a l  res is tance between the electrodes (Moskalenko and 
Naumenko, 1957). 
fe ren t  species of animals and i n  man. Respiratory changes i n  the  c ran ia l  blood 
volume, according t o  the  data  t ha t  we obtained j o i n t l y  with P. I. Pesennikova and 
A. A. Shurubura, occur i n  the  higher rep t i les ,  birds, and mammals  (where they 
are most pronounced). 
and in t r ac ran ia l  pressure are s l i g h t  under normal conditions, and sometimes 

1964~) .  
i n t r ac ran ia l  pressure d i f f e r s  considerably from t h a t  of the  mechanogram of 
respiratory movements of the chest, whereas the  resp i ra tory  waves of the  sp ina l  
blood volume have the same shape ( f i g .  71). 
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The amplitude of the  respiratory waves i s  not t he  same i n  d i f -  

I n  man, respiratory changes i n  the  c ran ia l  blood volume 

they a re  absent altogether (Becher, 1888; Anders, 1922; Moskalenko e t  al., /148 
The shape of t he  respiratory waves of the cerebral  blood volume and 



Figure 71. Shape of respiratory waves of the  i n t r a -  
c ran ia l  EFG and in t r ac ran ia l  pressure i n  a rabbi t  
during resp i ra t ion  with sharp inspirat ion.  

Acute experiment. 1. chest mechanogram; 2. i n t r a -  
c ran ia l  EFG; 3. in t r ac ran ia l  pressure; 4. sp ina l  
EFG. 
Time masker - 1 see. 

These then are  the  data on the  charac te r i s t ics  of the  resp i ra tory  waves i n  
the  c ran ia l  cavity. But what do these charac te r i s t ics  determine? A s  noted 
above, changes i n  blood flow due t o  resp i ra t ion  a re  typ ica l  of both the  a r t e r i a l  
and venous systems. It i s  necessary, therefore, t o  begin by ascertaining i n  
which of these systems change i n  blood flow i s  responsible for the  or igin of 
resp i ra tory  waves of the  cerebral  blood volume and in t r ac ran ia l  pressure. I n  
l i g h t  of the  general  ideas on in t r ac ran ia l  hemodynamics, it i s  reasonable t o  
suppose t h a t  resp i ra tory  changes i n  pressure i n  both the  a r t e r i a l  and venous 
systems are  theore t ica l ly  capable of bringing about changes i n  in t r ac ran ia l  
pressure, changes i n  the  cerebral  blood volume and movement of the  CSF between 
the  cerebral  and sp ina l  cav i t ies .  However, respiratory f luc tua t ions  of blood 
pressure i n  the  a r t e r i e s  a t  the  base of the  cranium are  usual ly  very s l igh t ,  
l i k e  the  respiratory waves on the  a r t e r i a l  pressure curves i n  the  common caro t id  
a r t e ry  ( f i g .  70). On the other hand, the  respiratory waves on the  in t r ac ran ia l  
EPG and in t r ac ran ia l  pressure curves a re  much more pronounced. A clear-cut in -  
dicator  
amplitude t o  the  amplitude of the  pulse  waves.* 
of respiratory changes a r i s ing  i n  the  in t r ac ran ia l  hemodynamics due t o  the  res-  
p i ra tory  waves of systemic a r t e r i a l  pressure i s  qui te  unl ikely under normal con- 
d i t ions .  
se 

The magnitudes of the  amplitudes of the  resp i ra tory  waves on the  curves shown 
i n  f ig .  70 cannot by themselves be compared owing t o  the  uneven amplification of 
the  d i f fe ren t  channels of the  recording apparatus. 

of the  magnitude of the  resp i ra tory  waves may be the  r a t i o  of t h e i r  
Consequently, t he  poss ib i l ty  
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However, one cannot completely rule out the  p o s s i b i l i t y  t h a t  the  a r te r ia l  
system influences the  development of resp i ra tory  changes i n  the  cerebral  blood 
volume. This influence can be achieved through ac t ive  changes i n  the tone of 
the cerebral  a r t e r i e s  synchronously w i t h  respirat ion,  t he  existence of which 
w a s  demonstrated by Nadareyshvili (1962) who compared the  r a t e s  of propagation 
of the  pulse wave i n  t h e  arteries a t  the  base of the cranium i n  d i f fe ren t  phases 
of the  respiratory cycle. 
g rav i ta t iona l  s t r e s ses  resp i ra tory  f luctuat ions of pressure i n  the  a r t e r i e s  at  
t he  base of the  cranium a re  in t ens i f i ed  and i n  such cases they are more pro- 
nounced than the  resp i ra tory  waves on the  curves showing pressure i n  the  cen t r a l  
segment of the  caro t id  a r t e r y  ( f i g .  72). 
a background of increased exc i ta t ion  of the vasomotor and resp i ra tory  centers. 

/150 
W e  too observed i n  some experiments t h a t  a f t e r  several  

We observed such phenomena only against  

, - - _ _ _ _ _  C------- m r 
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Figure 72. Respiratory waves of general  a r t e r i a l .  
pressure (l), pressure i n  the a r t e r i e s  a t  the  base 
of the cranium ( 2 ) ,  i n t r ac ran ia l  pressure (3) and 
chest  mechanogram of a dog a f t e r  exposure t o  
several  longitudinal grav i ta t iona l  s t resses  of about 
1G. 
Acute experiment. Time marker - 2 sec. 

Let us now examine the p o s s i b i l i t y  of resp i ra tory  f luctuat ions i n  venous 
pressure influencing the  cerebral blood volume and in t r ac ran ia l  pressure. Res- 
p i ra tory  changes i n  blood pressure i n  the  venous system can influence the  c i r -  
culatory parameters of the  c ran ia l  cavity i n  two ways. One, they can affect  
t he  f l a w  of blood from the  cranium because pressure i n  the superior vena cava 
r i s e s  during insp i ra t ion  owing t o  a drop i n  in t rap leura l  pressure. Two, during 
insp i ra t ion  pressure rises i n  the  ver tebra l  venous plexuses located below the 
diaphragm, which hampers the  outflow of blood from the  vertebral column. 
overflow of blood from the sp ina l  sinuses causes, i n  turn, some of the CSF t o  
move i n t o  t h e  c ran ia l  cavity, possibly increasing in t r ac ran ia l  pressure i n  t h i s  
phase of the  resp i ra tory  cycle. 

An 
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To determine which of these phenomena plays the  major role,  l e t  us examine 
the  other curves shown i n  f igure  70, which are  qui te  typ ica l  (about 60 percent 
of the experiments) of large laboratory animals (dogs, cats,  rabbi ts)  i n  an 
acute experiment. Comparison of the  r e l a t i v e  values of the  amplitudes of the  
respiratory waves of i n t r ac ran ia l  pressure, i n t r ac ran ia l  EFG, and CSF pressure 
i n  the lumbar segment of the  sp ina l  column and sp ina l  EPG as wel l  as t h e i r  phase 
chaxacter is t ics  reveals t h a t  the  main f ac to r  responsible f o r  the  or igin of 
resp i ra tory  waves i n  the  c ran ia l  cavi ty  i s  changethe blood volume i n  the 
ver tebra l  column. It i s  evident from f ig .  70 t h a t  the  resp i ra tory  waves on the  
EPG curve of the  sp ina l  column have the  grea tes t  amplitude. Moreover, the 
coincidence of the  phases of resp i ra tory  f luctuat ions of CSF pressure and blood 
volume of the  ver tebra l  cavity, on the  one hand, and resp i ra tory  f luctuat ions 
i n  CSF pressure i n  the  c ran ia l  and ver tebra l  cavi t ies ,  on the  other, as well  as 
the  gradual reduction i n  the amplitudes of the  resp i ra tory  waves indicate  tha t  
resp i ra tory  changes i n  the  sp ina l  blood volume exc i te  f luctuat ions of CSF pres- 
sure t h a t  a r e  transmitted to the  c ran ia l  cavity. The opposite direct ion of the  
resp i ra tory  waves of i n t r ac ran ia l  pressure excited i n  the  sp ina l  cavity promote 
the  outflow of venous blood from the  cranium during inspirat ion.  These arguments 
axe a l so  confirmed by the  data  shown i n  f i g .  71, where the  respiratory waves of 
the  sp ina l  EPG completely duplicate the  shape of the  animal's respiratory move- 
ments, whereas the  phase of sharp expiration i s  qui te  smoothed out on the  respi-  
ra tory  waves of the  in t r ac ran ia l  EPG and in t r ac ran ia l  pressure. This suggests 
t h a t  resp i ra tory  f luc tua t ions  i n  the  c ran ia l  blood volume are  caused by move- 
ment of the  CSF between the  cerebral  and sp ina l  cav i t ies  which takes place, as 
we showed above (page 69, i n  chapter 2) ,  a t  l imited volume flow ra t e .  If 
the  influence of respiratory movements were exerted so le ly  through the  jugular 
veins, the  shape of the  resp i ra tory  waves of the in t r ac ran ia l  EFG would completely 
duplicate the  resp i ra tory  movements. 

However, the  fret t h a t  the  r e l a t i v e  magnitude of the  amplitude of the  res -  
p i ra tory  waves o f  intracravlial  waves of i n t r ac ran ia l  pressure i s  l e s s  than tha t  
of the  resp i ra tory  changes i n  the  cerebral  blood volume s ign i f i e s  t ha t  the 
l a t t e r  changes a re  somewhat i n t ens i f i ed  by a drop i n  pressure i n  the  superior 
vena cavadu ing insp i r a t ion  while the  resp i ra tory  waves of i n t r ac ran ia l  pressure 
a re  weakened. 

/152 

Support f o r  t h i s  view comes from other f ac t s  as  well .  During the occlusion 
of both caro t id  arker ies  we never observed any s igni f icant  change i n  the  magni- 
tude of the  resp i ra tory  waves i n  the  c ran ia l  cavity, but during the  occlusion of 
the  superior vena cava or common jugular veins the  respiratory waves of the  cere- 
b r a l  blood volume mostly decreased ( t a b l e  8). 

This suggests t h a t  t he  leading fac tor  i n  the  formation of the  resp i ra tory  
waves of the cerebral  blood volume and in t r ac ran ia l  pressure i n  most (about 60 
percent) laboratory animals during an acute experiment i s  the  respiratory changes 
i n  blood pressure i n  the  ver tebralvenous plexuses, but the  changes i n  the  cere- 
b r a l  blood volume and in t r ac ran ia l  pressure during the  respiratory cycle a re  i n  
the  opposite direct ion.  I n  approximately 30 percent of the  animals t h a t  we exa- 
mined, the resp i ra tory  waves of the  cerebral  blood volume and in t r ac ran ia l  pres- 
sure were i n  the  same direction, signifying t h a t  t he  influence of the  respiratory 
changes i n  the  blood pressure of the  cerebral  venous system i s  predominant. 
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I n  some animals (about 10 percent),  the  resp i ra tory  changes i n  the  c ran ia l  blood 
volume are not accompanied by similar changes i n  in t r ac ran ia l  pressure. This 
obviously means t h a t  t he  changes i n  in t r ac ran ia l  pressure a r i s ing  from the  changes/l53 
i n  blood pressure i n  the  venous systems of the cranium and spine balance each 
other. 

- 

Examination of the  nature of the resp i ra tory  changes i n  the  cerebral  blood 
volume reveals t h a t  resp i ra tory  movements may be one of t he  mechanisms responsi- 
ble f o r  maintaining t h e  normalcy of the  cerebral  c i rculat ion.  Skokovskiy (1956) 
w a s  the  f i rs t  t o  advance t h i s  idea. Considerable i n t e r e s t  w a s  aroused by the  
s tudies  of Gmayxnov ( 1927), Khodyakov ( 1927), Komendatov ( 1927), and Pavlovskiy 
( 1948), who demonstrated experimentally the  s ignif icance of resp i ra tory  movements 
i n  the  outflow of venous blood fran the  cranium. These authors noted the  unusual 
part  played by nasa l  resp i ra t ion  i n  ensuring normal cerebral  blood circulat ion.  
The la t te r  indicates  t h a t  the  e n t i r e  process of resp i ra t ion  beginning with the  
passage of air  through the  nose causes resp i ra tory  changes i n  the  venous blood 
flow. 

TABLE 8. 
OF THE CEREBRAL BLOOD VOLUME AND INTRACRANIAL F’RESSTJRE I N  A 
CAT DURING TEMPORARY OCCLUSION OF THE ARTERIAL AND W O U S  
TRUNKS SUPPLYING THE BRAIN W I T H  BLOOD. 

CHANGES I N  AMPLITUDE OF THE RESPIRATORY FLUCTUATIONS 

Experiment a1 
C ondit ions 

. .. ._ 

Occlusion of the  
common caro t id  a r t e r i e s  

Occlusion of the 
common jugular veins 

Occlusion of the  
superior vena cava 

Relative magnitude of the 
resp i ra tory  waves i n  the  
c ran ia l  cavi ty  (according 
t o  the da ta  from 8 experi- 
ments) 

blood volume 
(percent of 
normal) 

__ - - - - __ 

95 -100 

35-55 

15 -35 

- ~. 

i n t r ac ran ia l  
pressure 
(percent  of 
normal) 

90-100 

60-80 

40-50 

W e  r a r e ly  observed resp i ra tory  waves on the  in t r ac ran ia l  EPG i n  human 
beings under normal conditions, but a f t e r  3 or 4 in t ens i f i ed  respiratory move- 
ments, the l eve l  of t he  c ran ia l  blood volume usual ly  dropped while i n t r a -  
c ran ia l  pressure decreased ( f i g .  73). These findings a re  evidence t h a t  respi-  
ra tory  movements influence the  outflow of blood from the  cranium, one of the 
l inks  i n  the  chain of processes making f o r  normal in t r ac ran ia l  blood circulat ion 
i n  man, although under normal conditions t h i s  f a c t  i s  probably of s l i g h t  i m -  
portance owing t o  adapation t o  the  v e r t i c a l  posi t ion of t he  body. 
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Figure 73. Change i n  l eve l  of the  cerebral  blood 
volume (1) and cardiac r a t e  ( 2 )  i n  a m a n  a f t e r  
several  deep respiratory movements (3) 

Time marker - 1 sec. 

It i s  qu i te  possible  t h a t  the  e f f ec t  of respiratory movements on the 
c ran ia l  blood volume, as noted by Ewig and Lul l ies  (1924), var ies  with the  type 
of resp i ra t ion  because the  r e l a t ive  e f f ec t  of resp i ra tory  changes i n  venous 
pressure i n  the  cranium and ver tebra l  column on the  respiratory waves of the 
c ran ia l  blood volume and in t r ac ran ia l  pressure i s  not the same during abdominal 
and thoracic respirat ion.  

/154 

Thus, the  foregoing data indicate  t h a t  the  respiratory waves i n  in t r a -  
c ran ia l  c i rcu la t ion  may be caused by three factors ,  the most important being 
respiratory change i n  the  venous blood volume of the  c ran ia l  and sp ina l  cavi- 
t i e s .  Both processes cause changes i n  the  c ran ia l  blood volume i n  the  same d i -  
rect ion and changes i n  in t r ac ran ia l  pressure i n  the  opposite direct ion.  I n  
some cases, according t o  our data, exc i ta t ion  of the  vasomotor and respiratory 
centers produces marked changes i n  the  tone of the  cerebral  a r t e r i e s  synchronous 
with respiratory movements, which may a l so  influence the  respiratory waves of 
the  in t r ac ran ia l  E X  and in t r ac ran ia l  pressure. 

Section 2. Influence of Gravitational Stresses  on Respiratory 
Changes i n  the  Cerebral Blood Volume and 

In t r ac ran ia l  Pressure 

The red is t r ibu t ion  of blood due t o  grav i ta t iona l  forces, as mentioned above, 
a f fec ts  mostly the  venous system. These forces must therefore  be expected t o  
exer t  a marked influence on the  resp i ra tory  waves of the  i n t r a c r a n i a l m  and 
in t r ac ran ia l  pressure. 

Judging from the  da ta  presented i n  the  foregoing paragraph, it i s  reason- 
able t o  assume t h a t  resp i ra tory  changes i n  the  cerebral  blood volume and in t r a -  
c r an ia l  pressure w i l l  in tens i fy  with the  flow of blood t o  the  head and diminish 
when the  blood flows out as a r e s u l t  of grav i ta t iona l  forces because the  l eve l  
of venous pressure and resp i ra tory  changes there in  a re  obviously d i r ec t ly  r e -  
la ted .  O u r  experimental data  (Moskalenko e t  al., 1963, 1964a) a re  completely 
consistent with t h i s  assumption. 
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I n  the  case of negative grav i ta t iona l  s t r e s ses  of the  order of lG, imed ia -  
t e l y  after the  beginning of the act ion the  resp i ra tory  waves of the in t r ac ran ia l  
E€% increase three-  t o  fourfold while the  resp i ra tory  waves of i n t r ac ran ia l  pres- 
sure  increase one and one-half- t o  twofold. 
the  respiratory waves of the in t r ac ran ia l  EFG and in t r ac ran ia l  pressure decrease 
sharply and sometimes even disappear ( f ig .  61). I n  t h e  case of longitudinal 
grav i ta t iona l  s t r e s ses  ranging from 1 t o  6G, the  amplitude of the  respiratory 
waves continues t o  change, but  not as much as i n  the  0.4 t o  1G range. 

I n  the  case of pos i t ive  s t resses ,  

Changes i n  the  amplitude of t he  resp i ra tory  waves of t he  in t r ac ran ia l  EPG 
and in t r ac ran ia l  pressure normally do not coincide with changes i n  the respira-  
to ry  waves of the chest mechanogram ( f i g .  74). 
transverse grav i ta t iona l  s t resses  (10 t o  15G) we observed a sharp increase i n  
the  amplitude of the respiratory waves of i n t r ac ran ia l  pressure. This increase 
w a s  accompanied by a change i n  amplitude of t h e  resp i ra tory  movements i n  the  
opposite d i rec t ion  on the chest mechanogram ( f i g .  75). 
absence of a paral le l ism between the  changes i n  the  resp i ra tory  waves i n , t h e  
vascular system of the  in t r ac ran ia l  c i rcu la t ion  and the  chest  mechanogram i s  due 
t o  the  f a c t  t h a t  the changes i n  in t rap leura l  and in t raper i tonea l  pressures 
resppnsible f o r  the  resp i ra tory  waves and the  scope of t he  respiratory movements 
of the chest a r e  not proportional t o  each other becauce the  pressure changes 
a re  caused not only by change i n  t h e  perimeter of t he  thorac ic  cavity but  a l so  
by movements of the diaphragm. 

/155 Sometimes following several  

I n  a l l  l ikelihood the 

Figure 74. 
waves of a chest  mechanogram (1) and in t r ac ran ia l  
EPG (2 )  i n  a ca t  during longi tudinal  accelerat ion of 

Change i n  amplitudes of the  resp i ra tory  

0 . 6 ~ .  

Acute experiment. 1. in t r ac ran ia l  EFG; 2. chest 
mechanogram. Time marker - 1 sec. 

According t o  the  da ta  t ha t  we obtained j o i n t l y  with G. B. Vaynshteyn and 
I. I. Kas’yan, the respiratory waves of i n t r ac ran ia l  pressure change considerably 

resp i ra tory  wavestemporarily cease or decrease sharply due t o  respiratory stand- 
s t i l l ,  but they reappear as soon as the ro t a t ion  i s  steady. S ta r t ing  with accele- 
r a t i o n  of 4 t o  6G t h e i r  amplitude, as a rule,  increases f ive-  t o  twenty-fold 
above the  or ig ina l  level .  
gram curve decrease sharply as compared with t h e  normal level .  The dynamics 
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i n  response t o  l a t e r a l  accelerations.  A s  the  accelerat ion in tens i f ies ,  the /156 

A t  the  same time the resp i ra tory  waves on the mechano- 



of the  amplitude of the  resp i ra tory  waves of i n t r ac ran ia l  pressure and in t r a -  
c ran ia l  EFG i n  the  course of gradually intensifying accelerat ion i s  shown i n  
f i g .  76. 
in t racran ia l  pressure i s  the  same up t o  acceleration of 4oG ( f i g .  65). When 
the act ion i s  halted, the  respiratory waves become normal within 0.5 to 1.5 
minutes. Sometimes t h i s  happens suddenly, as shown i n  f i g .  75, apparently be- 

The dynamics of the  amplitude of the resp i ra tory  f luctuat ions i n  

cause of change i n  the  type of respirat ion.  

Figure 75. Correlation between the  amplitude 
of the  resp i ra tory  waves of i n t r a c r a n i a l p r e s -  
sure and respiratory movements i n  a dog 20 
sec a f t e r  l a t e r a l  acceleration of 10 un i t s .  

Acute experiment. 1. in t racran ia l  pressure;  2. 
chest  mechanogram. Time marker - 2 sec. 

Figure 76. Dynamics of the amplitude of the  resp i -  
ra tory  waves of i n t r ac ran ia lp re s su re  i n  a dog sub- 
jected to l a t e r a l  accelerations.  

Abscissa - time elapsing s ince the  start of the  
experiment; ordinate - value of the  amplitude 
( i n  r e l a t ion  t o  the  or iginal) .  1. s t a r t  of 
centrifuge; 2. steady ro ta t ion ;  3 -  start  of de- 
celerat ion;  4. ha l t .  

What i s  the  reason for t h i s  subs tan t ia l  increase i n  the  resp i ra tory  waves 
during l a t e r a l  accelerations? The following i s  a possible  explanation. Sub- 
s t a n t i a l  l a t e r a l  accelerations give r i s e  to a spasm of the  rima g l o t t i d i s  
(Armstrong, 1954; Vo-anin, 1963; others) .  It i s  qui te  possible  t h a t  the  
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resp i ra tory  f luctuat ions of i n t r ac ran ia l  pressure and in t racran ia l  EPG increase 
as a r e s u l t  of t h i s  phenomenon because i n  t h i s  case resp i ra tory  movements of 
narrow scope w i l l  cause marked f luctuat ions of in t ra thorac ic  pressure. Conse- 
quently, the resp i ra tory  f luctuat ions of venous pressure w i l l  l ikewise increase 
i n  both the  superior vena cava and in fe r io r  vena cava. 

To demonstrate the  correctness of t h i s  assumption, G. B. Vaynshteyn, 
I. I. Kas'yan, and I ran a special  s e r i e s  of experiments t o  observe the  dyna- 
mics of the respiratory waves of in t ra thorac ic  pressure during l a t e r a l  accele- 
ra t ions  under a var ie ty  of conditions. Simultaneous recording of the respiratory 
waves of i n t r ac ran ia l  and intrathoracic  pressures showed t h a t  the  amplitudes of 
the respiratory waves i n  these systems increased proportionally i n  response t o  
the  accelerations ( f i g .  77). The respiratory movements of the  thoracic cavity 
meanwhile generally decreased. 
the increase i n  the respiratory waves i n  these systems as the  accelerations were 
in tens i f ied  t o  7 t o  9 G  was much l e s s  pronounced than during normal respirat ion 
( f ig .  77). 

Following a tracheotomy below the rima g lo t t i d i s ,  

These data indicate  t h a t  spasm of the rima g l o t t i d i s  during l a t e r a l  accele- 
ra t ions plays an important ro le  i n  increasing the respiratory f luctuat ions of 
in t racran ia l  pressure. However, t h i s  i s  not the  only cause of increase i n  the  
respiratory waves of i n t r ac ran ia l  pressure because a f t e r  a tracheotomy there  i s  
s t i l l  some in tens i f ica t ion  of the resp i ra tory  waves of i n t r ac ran ia l  and in t r a -  
thoracic pressures during accelerations of more than 7 t o  9 G .  Can t h i s  be caused 
by spasm or compression of the a i r  passages a t  other leve ls  of the respiratory 
system? This matter requires fur ther  study. 
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Figure 77. Relationship between the  amplitudes 
of the respiratory waves of i n t r ac ran ia l  (1) and 
in t rap leura l  ( 2 )  pressures before ( a )  and a f t e r  
( b )  tracheotomy during l a t e r a l  accelerations.  

Abscissa - acceleration ( i n  G)  j ordinate - ampli- 
tude of respiratory waves (as percent of or ig ina l  
level)  

We may conclude from the  foregoing tha t  change i n  the  amplitude of the  /158 
respiratory waves of the  cerebral  blood volume and in t r ac ran ia l  pressure during 
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longi tudinal  and l a t e r a l  accelerations i s  closely connected w i t h  the  respiratory 
f luctuat ions of i n t r ac ran ia l  pressure and is  therefore  passive and mechanical 
i n  origin.  A s  accelerat ion in tens i f ies ,  so  increases the influence of the  
mechanics of the  resp i ra tory  a c t  on in t r ac ran ia l  blood circulation, despi te  the  
f a c t  there  are marked disturbances i n  the  resp i ra tory  system i t s e l f  during such 
actions. The r e l a t i v e l y  s w i f t  and complete res tora t ion  of the  respiratory waves 
of the  in t r ac ran ia l  EPG and in t r ac ran ia lp re s su re  even a f t e r  sharp l a t e r a l  accele- 
ra t ions  indicates  that  the  l a t t e r  do not cause a rupture of pulmonary t i s sue  with 
a pneumothorax. 

Section 3 .  Character is t ics  of Third-Order Waves i n  the  
C e r  ebr ovas cular  System 

It i s  camon knowledge that systemic a r t e r i a l  pressure i s  characterized 
not only by pulse  and resp i ra tory  f luctuat ions but a l so  by third-order waves 
ca l led  Meyer waves. These waves a re  thought t o  be r e l a t ed  to the  rhythms of 
the  vasomotor center. 

Ragozin and Mendel'son (1880) were the  f i r s t  to describe these waves i n  the  
in t r ac ran ia l  c i rculat ion.  Some .time l a t e r  Reznikov and Davidenkov (1911) a l so  
noted the presence of third-order waves i n  individuals with c ran ia l  defects.  
They found that  the  waves were in t ens i f i ed  by emotional fac tors .  

We too observed such changes i n  the  cerebral  blood supply i n  acute and 
chronic experiments on animals (Moskalenko and Naumenko, 1959 ; Moskalenko e t  al., 
1964b). 
a period of 0.2 t o  0.9 min. Under normal conditions these waves a re  s l i g h t  i n  
anesthetized animals (rats, rabbi ts ,  cats, and dogs). Their amplitude exceeds 
resp i ra tory  f luctuat ions i n  the  blood supply one and one-half- t o  twofold ( f i g .  
78). 
sometimes exceed the  resp i ra tory  changes three-  t o  fourfold. We observed th i s  
a f t e r  several  longi tudinal  grav i ta t iona l  s t resses  of about lG ( f i g .  78) and 
a f t e r  asphyxia ( f i g .  39). I n  the  l a t t e r  case, the  f luctuat ions i n  the  blood 
volume of the  c ran ia l  and sp ina l  cavi t ies ,  which correspond t o  the  third-order 
waves, move, l i k e  the  resp i ra tory  waves i n  these cavi t ies ,  i n  opposite direct ions.  

Third-order waves on an in t r ac ran ia l  E% are  regular f luctuat ions with 

However, under ce r t a in  circumstances these waves increase markedly and 

Figure 78. Third-order waves of an in t r ac ran ia l  EFG 
i n  a rat. 

Acute experiment. 1. a t  the start of t he  experiment; 
2. a f t e r  exposure t o  several  longi tudinal  accelerations;  

13 5 Time m a r k e r  - 1 see. 



We a l so  observed third-order waves i n  persons with implanted electrodes. 
During recording of t he  EPG from subdural electrodes third-order waves as mani- 
fes ted  i n  per iodic  changes i n  the  l e v e l  of the  in t r ac ran ia l  EPG, and the  ampli- 
tudes and shapes of the  pulse  waves were pronounced while the  pa t i en t  was 
sleeping calmly but they disappeared when he was  awakened ( f i g .  79). During 
recording of the  IEG from implanted electrodes, third-order waves were observed 
both while the  pa t i en t  was  awake and while he was sleeping calmly ( f i g .  79). 
The third-order waves of the  in t r ac ran ia l  EFG recorded from implanted electrodes 
d i f f e r  i n  appearance, as i s  evident i n  f ig .  79, from these waves recorded from 
subdural electrodes. 

&9 

3 

m 

Figure 79. Correlation between third-order waves of the  
in t r ac ran ia l  EPG and dynamics of oxygen tension i n  a per- 
son lying quiet ly .  

a. recording of EPG from subdural electrodes during (1) wake- 
fulness and calm sleep ( 2 ) ;  3 .  oxygen tension during calm 
sleep. b. recording of EPG during wakefulness from elec t -  
rodes implanted i n  brain t i s sue  (1); 2. oxygen tension i n  
the  region lying between the  electrodes;  3 .  r e s u l t  of 
graphic d i f fe ren t ia t ion  of t h i s  curve. 
Time marker - 1 see. 

The or igin of the third-order waves i n  the  cerebrovascular system i s  s t i l l  /160 
It i s  not known whether these occurring i n  the  brain correspond qui te  obscure. 

to the  l i k e  changes i n  sysLemic a r t e r i a l  pressure. The third-order waves i n  
a l l  l ikelihood a re  caused by changes i n  the  tone of the  cerebral  a r t e r i e s  associ- 
a ted with periodic a c t i v i t y  of the  vasomotor center. This assumption i s  supported 
by f ac t s  showing tha t  these waves become in tens i f ied  by actions tha t  increase 
the  tone of the  vasomotor center ( f i g s .  39, 78) and by other f ac t s  indicating 
t h a t  the  parameters of the  pulse waves of the  in t r ac ran ia l  EPG change i n  d i f -  
ferent  phases of the  third-order waves ( f i g .  79,a). 



Of i n t e r e s t  i n  this connection i s  Copechen's hypothesis (1962) t h a t  
third-order waves are a r e f l ec t ion  of the processes i n  an automatic c i r c u i t  
t h a t  regulates  t he  blood circulat ion.  

' ing .  
phenomenon - when CSF pressure r i s e s  above the  l e v e l  of blood pressure i n  the  
cerebral  a r te r ies ,  per iodic  f luctuat ions take place i n  systemic a r t e r i a i  pres-  
su re .  Myakawa presented an equivalent diagram of a c i r c u i t  generating these 
pressure f luctuat ions which includes a feedback element. He demonstrated ex- 
perimentally t h e  v a l i d i t y  of t h i s  c i r cu i t .  Myakawa came t o  what we regard as 
an important conclusion, namely, t h a t  one of the l inks  i n  the  c i r c u i t  generat- 
ing f luctuat ions i n  systemic a r t e r i a l  pressure i s  change i n  oxygen tension i n  
bra in  t i s sue .  This conclusion i s  consis tent  with the  r e s u l t s  of research de- 
monstrating a connection between the  third-order waves and the  per iodic  f l u c t -  
uations of oxygen tension i n  b ra in  t i s sue .  

Kovalenko (1961, 1962) showed t h a t  oxygen tension i n  bra in  t i s s u e  recorded 

Wakawa's view (1965) i s  a l so  in t e re s t -  
The author analyzes from the  standpoint of self-regulat ion theory Cushing's 

by the  polarographic method changes per iodica l ly  more or l e s s  with a frequency 
close t o  the  frequency of t he  third-order waves i n  the  cerebral  vascular sys- 
tem. We recorded such f luc tua t ions  of oxygen tension i n  human beings. However, 
a d i r ec t  comparison of t he  f luc tua t ions  of oxygen tension with the  i n t r a c r a n i a l  
EPG waves corresponding t o  the  third-order waves f a i l e d  t o  revea l  any coincidence 
( f i g .  79). On the  other hand, Cooper (1963) by simultaneously recording the  
l o c a l  cerebral  blood flow rate (with thermistors) and oxygen tension i n  bra in  
t i s s u e  and, using the  methods of e l e c t r i c a l  d i f f e ren t i a t ion  and in tegra t ion  of 
the  resu l t ing  curves, showed t h a t  t h e  f i rs t  der iva t ive  of the curve r e f l ec t ing  
changes i n  oxygen tension i n  bra in  t i s s u e  corresponds t o  the  f luctuat ions of 
the  l o c a l  cerebral  blood flow rate. We found a similar cor re la t ion  between 
the  third-order blood volume waves i n  a l imited por t ion  of bra in  t i s s u e  and the  
f luctuat ions of oxygen tension there .  This was the  result of graphic d i f f e ren t i -  
a t ion  of the oxygen tension curve ( f i g .  79). 

fg 

Thus, it would seem t h a t  the  l o c a l  third-order  waves i n  the  blood vessels 
of the  in t r ac ran ia l  cavi ty  axe r e l a t ed  t o  the r a t e  of change i n  oxygen tension 
i n  the  pa r t i cu la r  region of the  brain.  This suggests, i n  turn,  t h a t  the  per iodic  
changes i n  i n t r a c r a n i a l  c i rcu la t ion  under study are determined by the  f luctuat ions 
of oxygen tension i n  bra in  t issues ,  with the  vascular react ion depending on 
the  rate of change i n  oxygen tension. 

The indicated cor re la t ion  between the  per iodic  f luc tua t ions  of the  c ran ia l  
blood volume and oxygen tension i s  not s ign i f i can t  i n  as far as t he  or ig in  of 
the third-order waves i s  concerned because t h i s  cor re la t ion  w a s  es tabl ished only 
during l o c a l  recording of changes i n  blood c i rcu la t ion  and oxygen tension i n  
the  f r o n t a l  regions of the  brain.  A Comparison of the  curves r e f l ec t ing  changes 
i n  the  in t r ac ran ia l  EPG and oxygen tension recorded *om subdural electrodes 
does not confirm t h i s  pa t t e rn  ( f i g .  79). I n  t h i s  case the  changes i n  the  blood 
volume of t he  p i a l  vessels, which correspond t o  the  third-order waves, depend 
on the  magnitude r a the r  than on the rate of change i n  oxygen tension. Moreover, 
there  i s  a lack of f a c t s  showing a connection between the  third-order  waves of 
systemic ar ter ia l  pressure and s i m i l a r  changes i n  the  in t r ac ran ia l  c i rculat ion,  
as discussed above. 
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Thus, t he  question of the o r ig in  of t h e  third-order waves i n  the  cerebral 
vascular system must s t i l l  be considered a moot one. It i s  possible, however, 
t h a t  information on the re la t ionship  between l o c a l  changes i n  c i rculat ion and 
oxygen tension w i l l  eventually provide the key t o  i t s  solution. One f eas ib l e  
s t ep  i s  t o  e lucidate  t h e  correlat ion between the general  and l o c a l  changes i n  
the in t r ac ran ia l  hemodynamics, which correspond t o  the  third-order waves, on 
the one hand, and similar changes i n  systemic a r t e r i a l  pressure, on t h e  other. 

CONCLUSION 

T h i s  chapter examined the character is t ics  of resp i ra tory  waves and th i rd -  
order waves i n  the  in t r ac ran ia l  c i rculat ion and t h e i r  dynamics under gravita- 
t i o n a l  s t r e s ses .  

Analysis of the resp i ra tory  waves of t h e  cerebral  blood volume and in t r a -  
c r an ia l  pressure shows t h a t  t he  sh i f t i ng  of the USF between the cranial  and 
spinal  cav i t i e s  plays a major r o l e  i n  the  or igin of these waves. The data on 
the  third-order waves available t o  us indicate  t h a t  t he  changes i n  blood volume 
which correspond t o  the  third-order waves a re  a l s o  compensated by the flow of 
the CSF between the  c ran ia l  and sp ina l  cavi t ies .  

/162 

The materials presented i n  t h i s  chapter show t h a t  resp i ra tory  movements 
promote in t r ac ran ia l  circulation. The resp i ra tory  waves of the cerebral  blood 
volume and . in t racran ia1  pressure undergo considerable changes during gravita- 
t i o n a l  s t resses ,  r e f l ec t ing  to sane extent changes i n  the  cerebral  blood supply 
during the  action of t h i s  spaceflight factor .  

Thus, analysis of the dynamics of resp i ra tory  f luctuat ions of t he  cerebral  
blood volume and in t r ac ran ia l  pressure during g rav i t a t iona l  
vide important information on the  s t a t e  of t he  in t r ac ran ia l  c i rculat ion under 
these conditions. 

s t r e s ses  may pro- 



CHAPTER 5. ACTIVE PROCESSES I N  THE CEREBRAL CIRCULATION DURING 
GRAVITATIONAL STRESSES 

Many recent  s tudies  on cardiovascular a c t i v i t y  during gravi ta t iona l  s t resses& 
now provide a more or l e s s  complete p ic ture  of changes i n  the  blood volume during 
the  act ion of t h i s  spacef l ight  fac tor .  Some ind i r ec t  evidence indicates  t h a t  the  
cerebral  blood flow i s  extremely vulnerable under these conditions. However, 
spec i f ic  s tudies  on the  e f f ec t s  of accelerations a re  few i n  number. O u r  knowledge 
of the subject  i s  s t i l l  l imi ted  to the  data which show t h a t  t he  changes i n  blood 
c i rcu la t ion  t h a t  occur during accelerations a re  marked and t h a t  tolerance of 
the  cerebrovascular system f o r  pos i t i ve  and negative grav i ta t iona l  s t r e s ses  i s  
not t he  same (Henry e t  al., 1951; Erbslzh, 1955; Beckman, 1956; Klimovskiy, 1963; 
Lamb, 1964; Gauer and Neury, 1964). The mechanisms governing the  changes and 
the compensatory p o s s i b i l i t i e s  are  s t i l l  obscure. 

The purpose of t h i s  chapter i s  to discuss the  dynamics of the  cerebral  blood 
volume i n  response to gravi ta t iona l  s t resses .  This information w i l l  l a t e r  be 
of help i n  solving the problem of cerebral  blood flow regulat ion under such in-  
fluences and i n  e lucidat ing the  underlying physiological mechanisms. 

Section 1. General Character is t ics  O f  The Dynamics O f  The 
Cerebral Blood Volume During Gravi ta t ional  S t resses  

Recordings of i n t r ac ran ia l  EPGs i n  dogs during ro t a t ion  on a centrifuge 
during gradual increase i n  accelerat ion (about 0.15 G/sec) showed t h a t  with a 
negative load a t  the  s t a r t  of ro t a t ion  the  cerebral  blood volume d i f f e r s  l i t t l e  
from the  o r ig ina l  l e v e l  (Moskalenko e t  al., 1962, 1964a), then changes markedly, 
a f t e r  which it remains the  same despi te  fur ther  accelerat ion (figure 80). 
values of the  accelerat ions a t  which the  l eve l  of the  blood volume ceases to 
change ranges, according t o  the  data  from 8 experiments, from 1.2 to 1.8 G. 
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The 

With increase i n  pos i t i ve  s t r e s ses  t o  6 to 7 G, the  l e v e l  of the i n t r a -  
c r an ia l  EPG continues t o  deviate and the  blood volume l e v e l  does not become 
s t ab i l i zed  ( f i g .  80). 

A comparison of the dynamics of the  l e v e l  of the  in t r ac ran ia l  EPG obtained 
i n  these experiments with the  da ta  s e t  f o r t h  i n  chapter 2, which show t h a t  the  
passive increase i n  the  cerebral  blood volume i s  proportional to t he  longi tudinal  
grav i ta t iona l  s t r e s s ,  ind ica tes  t h a t  with negative s t r e s ses  a t  the  start of 

level,  but t h i s  compensation i s  impaired by any addi t ional  increase i n  accelera- 
t ion,  and the  blood f i l l s  the  c ran ia l  cavi ty  to i t s  maximum capacity as deter-  
mined by i t s  mechanical propert ies .  

ro t a t ion  there  i s  ac t ive  compensation aimed a t  normalizing the  blood volume & 

After pos i t i ve  accelerat ion the  outflow of blood from the  cerebral  venous 
system in tens i f ies ,  and the  blood flow continues u n t i l  blood pressure i n  t h e  
a r t e r i e s  at t h e  base of t h e  bra in  exceeds t h a t  i n  the veins. A decrease i n  
the blood volume during pos i t i ve  grav i ta t iona l  s t r e s ses  seems to produce a de- 
crease i n  the  tone of the  cerebra l  vessels  and the  subsequent reduction i n  the  
blood volume slows, s t a r t i n g  with accelerat ions of a ce r t a in  intensi ty ,  as 
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Can be Seen i n  f i P r e  80. 
t ions  during which the  in t r ac ran ia l  c i rcu la t ion  continues i s  much higher than 
t h a t  of the negative accelerations.  
Henry e t  al., 1951, during pos i t ive  accelerations of about 5 t o  6 G a r t e r i a l  
pressure drops t o  zero, but  perfusion pressure p e r s i s t s  because pressure i n  jugu- 
la r  veins drops t o  -60 m Hg . Beckman ( 1956) observed t h a t -  the cerebral  blood 
flow p e r s i s t s  during marked pos i t ive  accelerations.  Klimovskiy (1963) i n  
chronic experiments on ca ts  showed t h a t  the  r a t e  of blood flow i n  the  veins pro- 
ceeding from the  cranium decreases s l i g h t l y  when accelerat ion i s  increased t o  
7 G. 

Thus, the rllagnitude of +he maximwn pos i t ive  accelera- 

For example, according to t he  data  of 

I ' 9  4 2 3 

Figure 80. 
c ran ia l  EPG i n  a dog during gradual in-  
crease i n  negative ( top)  and pos i t ive  
(bottom) longitudinal accelerations.  

Change i n  l eve l  of an i n t r a -  

Chronic experiment. Time msrker - 1 see. 

All t h i s  demonstrates t h a t  the effect  of longi tudinal  accelerations on 
the  cerebral  c i rcu la t ion  i s  la rge ly  dependent on t h e i r  d i rec t ion  i n  r e l a t ion  
t o  the  blood flow i n  the  extraorgan a r t e r i e s  t ha t  supply the  brain with blood. 
When the  direct ions of the  acceleration and a r t e r i a l  blood flow coincide, the 
c ran ia l  cavi ty  of dogs overflows with blood during comparatively mild accelera- 
t i on  (-1.2 t o  1.8 un i t s ) .  A sharp de te r iora t ion  i n  the  cerebral  blood supply 
i s  t o  be expected a f t e r  znis.  The forces of accelerat ion and ar ter ia l  pressure 
when moving i n  d i f fe ren t  direct ions are  mutually compensatory s o  t h a t  the  brain 
continues t o  be supplied with blood u n t i l  accelerations of 5 t o  7 G. Both 
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negative and pos i t ive  accelerations produce act ive cerebrovascular reactions 
aimed a t  normalizing changes i n  the blood volume. 

D u r i n g  l a t e r a l  accelerations i n  a back-chest d i rec t ion  or vice versa, the  
cerebral  blood volume usual ly  increases as G. B. Vaynshteyn, 0. G. Gazenko, 
I. I. Kas'yan, A. A. Shurubura, and I have shown. However, the  dynamics of the  
l eve l  of the  cerebral  blood supply and in t r ac ran ia l  pressure i n  the  period of 
acceleration and deceleration of the  centrifuge i s  not the  same when the animal /166 
i s  positioned d i f f e ren t ly  i n  r e l a t ion  to the  direct ion of ro t a t ion  or  when the 
ro ta t ion  becomes s t ab i l i zed  a t  d i f fe ren t  r a t e s .  

If the  animal's head i s  i n  the  direct ion of ro ta t ion  of the centrifuge, 
a rapid start (about 1.2 G/sec) r e su l t s  f i rs t  i n  some decrease i n  in t r ac ran ia l  
pressure, then i n  a rap id  increase followed a l i t t l e  l a t e r  by s t ab i l i za t ion .  
However, i f  the  start i s  slow (about 0.6 G/sec), i n t r ac ran ia l  pressure scarely 
changes, a f t e r  which it increases and s t ab i l i ze s  a few seconds a f t e r  steady 
ro ta t ion  conditions i s  achieved ( f i g .  
changes i n  the  same way. 

81). The l e v e l  of the  in t r ac ran ia l  EPG 

Figure 81. 
sure i n  a dog during rap id  (1) and slow 
( 2 )  increase i n  accelerat ion to 10 G. 
Acute experiment. The arrows designate 
the  start of ro t a t ion  and achievement of 
steady conditions. 

Change i n  in t r ac ran ia l  pres- 

Time marker - 1 sec.  

When the  animal's head i s  facing i n  a direct ion opposite to t h a t  of the 
rotation, regardless of whether the  centrifuge i s  accelerated rapidly or slowly, 
the leve ls  of the  blood volume and in t racran ia l  pressure begin to r i s e  immediately 
a f t e r  the  start and achieve maximum values by the  time steady ro t a t ion  conditions 
are  achieved. 

The relat ionship between the dynamics of the leve ls  of the  cerebral  blood 
supply, i n t r ac ran ia l  pressure, r a t e  of acceleration of the centrifuge, and 
or ientat ion of the  animal i n  r e l a t ion  t o  the direct ion of ro ta t ion  can be ex- 
plained as  follows. When the  centrifuge i s  s tar ted,  two g rav i t a t iona l  s t resses  
ac t  on the  animal - increasing l a t e r a l  and b r i e f  longi tudinal  accelerations.  
When the  animal's pe lv is  faces the  rotation, the longi tudinal  component helps 
t o  increase the  cerebral  blood volume and in t r ac ran ia l  pressure, bu t  it prevents 
t h i s  when the  animal's head faces forward i n  the  d i rec t ion  of the  ro t a t ion  of 
the  centrifuge. 
l e r a t ed  quickly because the longitudinal component of the  action i s  greater .  

These phenomena are  more pronounced when the  centrifuge i s  acce-/167 



However, regardless of the  speed wi$h which the  centrifuge i s  accelerated 
or the  or ientat ion of t he  animal, both the  cerebral  blood volume and the in t r a -  
c ran ia l  pressure grow because of the  intensifying la teral  component of t h e  
acceleration. 
Vokhmyanin, 1963; others),  there  i s  usual ly  breath holding i n  the  insp i ra t ion  
phase and an increase i n  tracheal,  pleural ,  and intraabdominal pressures. Mean- 
while there  i s  a pooling of blood i n  the lungs, abdominal organs, and, possibly 
i n  t h e  c ran ia l  cavity.  The increased in t ra thorac ic  and intraabdominal pressures 
a re  appwently t ransmit ted t o  the  venae cavae, and because the  pressure i n  the 
jugular veins i s  s l igh t ,  as pointed out above (p .  lO3in chapter 3 )  even 
a s m a l l  increase i n  pressure hampers the  outflow of venous blood which causes, 
i n  turn, venous hyperemia of the brain and spine and elevat ion of i n t r ac ran ia l  
pressure (Bedford, 1935; Ryder e t  al., 1952; others) .  

At the  same time, as noted by several  authors (Armstrong, 1954; 

This i s  i l lustrated by f igure  82, which shows the resemb1ance.between t h e  
dynamics of intrapleural ,  tracheal,  and in t r ac ran ia l  pressures i n  an animal both 
with i n t a c t  r e sp i r a t ion  and with resp i ra t ion  through a t rachea l  tube. 
l a t t e r  case the i n t e n s i t y  of the  r i s e  i n  in t r ap leu ra l  and in t r ac ran ia l  pressures 
decreases. The m a m i c s  of the E%, as can be seen i n  f igure  82, d i f f e r s  some- 
what from t he  other processes recorded. With due allowance f o r  the f a c t  t h a t  
accelerat ion of the  centrifuge i n  t h i s  s e r i e s  of experiments w a s  slow, it i s  fair  

cerebrovascular react ions serve t o  compensate t h e  changes i n  l e v e l  of the  cere- 
b r a l  blood volume. 

In the  

t o  conclude t h a t  here too,  as i n  t h e  case of l a t e r a l  accelerations,  act ive /168 

a 

Figure 82. Change i n  in t r ac ran ia l  EFG (l), i n t r a -  
c r an ia l  (2),  i n t r ap leu ra l  (3), in t ra t rachea l  ( 4) 
pressures and chest  mechanogram ( 5 )  i n  a dog a f t e r  
acceleration of the centrif'uge. 

Acute experiment. a. before tracheotomy; b. a f t e r  
tracheotomy. The arrows designate the  s t a r t  of 

- 5Ss.C 
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ro ta t ion  and achievement of steady conditions. 
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After l a t e r a l  accelerations of the same intensi ty ,  t h e  l eve l s  of t he  cere- 
b r a l  blood volume and i n t r a c r a n i a l  pressure change comparatively l i t t l e .  During 
s l i g h t  accelerations of 8 t o  1-5 G, t he  maximum values of both indices are 
reached 20 t o  30 seconds a f t e r  achievement of steady ro t a t ion  conditions; during 
substant ia l  accelerations, immediately a f t e r  they a re  achieved. In t r ac ran ia l  
pressure drops s l i g h t l y  before the  s t a r t  of deceleration. 

ma 

BOD 

6&7 

400 

zoo 

Maximum values of t he  cerebral  blood volume and i n t r a c r a n i a l  pressure de- 
pend both on- the  magnitude of t he  l a t e r a l  acceleration and on the d i rec t ion  
(chest-back or back-chest). 
pressure i s  s l i g h t .  The r i s e  i s  greatest  a f t e r  accelerations ranging from 6 t o  
3.2 G, but on reaching a ce r t a in  l i m i t  ( a f t e r  accelerations of about 15 t o  20 G), 
i n t r ac ran ia l  pressures ceases t o  r i s e  ( f i g .  83). It i s  evident from the f igure 
t h a t  t h i s  phenomenon s e t s  i n  sooner a f t e r  acceleration i n  a back-chest direct ion.  
The cerebral  b1oo.d volume a l so  increases t o  a ce r t a in  point and the rea f t e r  changes 
l i t t l e  even i f  the  acceleration i s  intensif ied.  It i s  in t e re s t ing  t o  note t h a t  
the degree of increase i n  cerebral  blood volume a f t e r  t he  acceleration reaches a 
steady value depends on the  pos i t ion  of t he  animal i n  r e l a t i o n  t o  the direct ion 
of ro t a t ion  of the centrifuge, i . e . ,  on the  direct ion of the longitudinal com- 
ponent of t h e  acceleration a t  the time the centrifuge i s  s ta r ted .  

With low accelerations the  r i s e  i n  in t r ac ran ia l  

- 

- 
- 

- 
. 
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Figure 83. 
i n  the l e v e l  of i n t r a c r a n i a l p r e s s u r e  i n  a dog and 
t h e  in t ens i ty  of l a t e r a l  acceleration. 

Relationship between the maximum change 

Acute experiment. Abscissa - i n t ens i ty  of accelera- 
t i o n  ( i n  G ) .  Ordinate - i n t e n s i t y  of i n t r ac ran ia l  
pressure ( i n  percent of normal). The v e r t i c a l  l i n e s  
designate 95 percent confidence l i m i t s  of the mean 
of 8 measurements. 1. back-chest acceleration. 
2. chest-back acceleration. 

The dynamics of the cerebral  blood volume and i n t r a c r a n i a l  pressure during 
l a t e r a l  accelerations of unchanged magnitude can be r e l a t ed  i n  p a r t  t o  the 
character is t ics  of r e sp i r a t ion  and blood flow i n  the  pulmonary c i r cu la t ion  i n  
response t o  l a t e r a l  accelerations (Watson e t  al.,  1960; Kiselev, 1962; Marotta 
e t  al., 1962; Wood e t  al. ,  1963). Simply stated,  during accelerations of l o w  
and medium i n t e n s i t i e s  (up t o  10 t o  15 G)  the blood i s  driven by centr i fugal  
force from the ~ulmnqary arterxr i n t o  t h e  Treqsels of the lungs which then go i n t o  
spasm. Pressure increases i n  the  venae cavae and r i g h t  auricle,  apparently re- 
sul t ing i n  a r i s e  i n  in t r ac ran ia l  pressure. During intense accelerations the  
hydrostatic pressure of the blood overcomes the resistance caused by spasm of 
t he  pulmonary vessels.  
the venae cavae. A t  the  same time the stroke volume of the l e f t  ventr ic le  de- 
creases sharply. Consequently, the levels  of the cerebral  blood volume and 
intracrani  a1  pres sure become s t ab i l i zed  despite increasing l a t e r a l  acceleration. 
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Along with despositing blood i n  the v iscera  t h i s  empties 



These processes a l so  help t o  account f o r  the difference i n  the  dynamics 
of i n t r ac ran ia l  pressure between accelerat ion i n  d i f f e ren t  direct ions ( chest- 
back or back-chest), as shown i n  f igure  83. 

While the dynamics of t he  leve ls  of the  in t r ac ran ia l  EPG and in t r ac ran ia l  
pressure upon accelerat ion of the  centrifuge i s  s imilar  i n  the d i f fe ren t  experi- 
ments, the  dynamics of these indices when the  centrifuge i s  decelerating var ies  
considerably from animal t o  animal even when the  r a t e  i s  about the  same. I n  
some animals there  i s  a sharp drop i n  c ran ia l  pressure immediately a f t e r  the 
start of deceleration, whereas i n  others it rises s l i g h t l y  a t  f i rs t  and then 
drops, although it  remains high when the centrifuge comes t o  a f u l l  stop. 
noted s i m i l a r  charac te r i s t ics  on the  in t r ac ran ia l  EPG curves. 

We 

It i s  evident t ha t  while the  centrifuge i s  decelerat ing the  same forces 

The l a t t e r  changes direct ion from 
axe act ing on the  animals as when it i s  accelerating, i .e. ,  decreasing l a t e r a l  
and inc ip ien t  longi tudinal  accelerations.  
t h a t  which prevai ls  during the acceleration. It i s  noteworthy that these forces 
a c t  against  a background of hypoxia and changes i n  the  systemic and in t r ac ran ia l  
blood c i rcu la t ion  and a f t e r  marked s h i f t s  i n  the  balance of the biological ly  
ac t ive  substances (Khazen and Vaysfel,'d, 1962; Gyurdzhian e t  al., 1963; others) 
t h a t  r e s u l t  from the e f f ec t s  of l a te ra l  acceleration. 

All t h i s  together with the  d i f fe ren t  react ions of t he  animals t o  accelera- 
t ion.  apparently determines the dynamics of the  indices  record.ed while the 
centrifuge i s  decelerating. O u r  data show t h a t  the dynamics of the  cerebral  blood 
volume i s  s igni f icant ly  affected a t  t h i s  time by the  d i rec t ion  of the  accompanying 
longi tudinal  component of the accelerations.  For example, with the  animal's head 
oriented i n  the  d i rec t ion  of rotation, the  negative longi tudinal  accelerat ion 
a r i s ing  during the deceleration prevents the l e v e l  of t he  blood volume from re -  
turning t o  normal and it  remains high fo r  some time a f t e r  the  centrifuge comes 
t o  a stop. 
t i o n  of rotation, the longi tudinal  component of t he  accelerations promotes the  
outflow of blood from the cranium and i n  the  same animal the l eve l  of the blood 
volume fal ls  below the or ig ina l  even b.efore the  centrifuge stops, a f t e r  which 
it r i s e s  quickly ( f i g .  84) .  
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On the  other hand, with the  animal's head oriented opposite the direc- 

The leve ls  of the EPG and in t r ac ran ia l  pressure usual ly  re turn  t o  normal 1 
t o  3 min a f t e r  the  act ion of low and medium accelerations and 3 t o  7 min a f t e r  
the action of  intense ones. 

Some f luctuat ions of in t racran ia l  pressure of ten occw around the  or ig ina l  
Level after the  centrifuge stops. The duration and nature of the  r e s to ra t ive  
period of the  processes recorded seem t o  depend on the  ac t ive  res tora t ive  re -  
actions of the cerebral  blood vessels.  

The above da ta  were obtained, as already mentioned, i n  acute experiments 
on dogs under moderately deep anesthesia, but we a l s o  observed s imilar  re la t ion-  
ships i n  experiments on other animals - rabbi t s  and rats. The only difference 
i s  t h a t  ac t ive  comp.ensation was l e s s  pronounced i n  these animals and i n  the dogs. 
A special  s e r i e s  of experiments on dogs with electrodes implanted i n  the skull 
yielded r e s u l t s  s imilar  t o  those obtained i n  an acute experiment, but t he  
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increase i n  the  cerebral  blood volume of t he  nonanesthetized animals w a s  not as 
l a rge  as i n  the  anesthetized animals. 

Figure 84. Change i n  l e v e l  of the  cerebral  blood 
volume during deceleration of the centrifuge.  
a- acute experiment on a dog whose head i s  facing 
forward (1) and backward ( 2 )  i n  r e l a t i o n  t o  t h e  
d i rec t ion  of ro t a t ion  of the centrifuge.  The broken 
l i n e  designates the l eve l  of t he  cerebral  blood 
volume before the  action. b- during observation on 
a human being ( t h e  electrodes to record an i n t r a -  
c r an ia l  EPG were placed on the  sk in) .  The arrows 
designate the  start and end of t he  deceleration of 
t he  centrifuge.  

Time marker - 1 sec. 

O u r  observations on human beings exposed to 8 to 10 G of l a t e r a l  accelera- 
t i ons  showed t h a t  t he  l e v e l  of t he  in t r ac ran ia l  EPG recorded by applying electrodes 
t o  the  head also changed considerably. However, the  changes d i f f e red  from those 
noted i n  the  experiments on animals. A s  the  accelerat ion increased, the  human 
cerebral  blood volume s l i g h t l y  decreased, but  rose above t h e  o r ig ina l  l e v e l  
( f i g .  66) when the  centr i fuge decelerated. The magnitude of the  r ise  and f a l l  
var ied from subject  t o  subject .  



The nature of t he  dynamics of the  human cerebral  blood volume i s  very pro- 
bably r e l a t ed  t o  t h e  e f f ec t  of t he  longi tudinal  component of t h e  accelerations 
because the pos i t ion  of the  subject i n  the centrifuge i s  not s t r i c t l y  perpendi- 
cular to the  d i r ec t ion  of the accelerakion and during ro t a t ion  the pos i t ive  
longitudinal component appears and apparently causes the  blood volume t o  decrease. 
It may be that  t he  longi tudinal  accelerat ion that  arises during the  acceleration 
and deceleration of the  centrifuge a l so  plays a part i n  the  process. 
subjects a re  placed with t h e i r  f e e t  i n  the d i rec t ion  of rotat ion,  longi tudinal  
accelerat ion may cause more blood t o  flow from the head when the  centrifuge 
i s  accelerated and t o  flow back when it i s  decelerated.. Evidence f o r  t h i s  
assumption comes from the data obtained during abrupt slowing down of t he  cent r i -  
fuge which show t h a t  the  cerebral  blood volume increases s ign i f icant ly  a t  t h i s  
time ( f i g .  84). 

I f  the  

I n  summing up our findings on the  dynamics of the  cerebral. blood volume and 
in t r ac ran ia l  pressure during l a t e r a l  g rav i ta t iona l  s t resses ,  we should l i k e  t o  
point  out t ha t  under experimental conditions involving a centrifuge the dynamics 
of these indices i s  determined by two s e t s  of fac tors .  F i r s t ,  against  a back- 
ground of an increased cerebral  blood volume and in t r ac ran ia l  pressure resu l t ing  
from l a t e r a l  acceleration, the  accompanying longi tudinal  component a l t e r s  the 
leve ls  of the values recorded during the  speeding up and slowing down of the  
centrifuge and when the  conditions a re  steady provided t h a t  the  body i s  a t  an 
angle t o  i t s  direct ion.  The direct ion of t h i s  longi tudinal  accelerat ion i s  
pa r t i cu la r ly  s ign i f icant .  

The longi tudinal  component causes blood t o  flow out of the  cranium i n  the 
accelerat ion phase and t h i s  p a r t l y  compensates the  changes i n  the cerebral  c i r -  
culat ion produced by the l a t e r a l  acceleration, and v ice  versa. I n  the  decelera- 
t i o n  phase the  longi tudinal  component e i the r  helps t o  r e s to re  the or ig ina l  leve ls  
of the recorded indices or it delays the  restorat ion.  It w i l l  be noted t h a t  the  
r e l a t ive ly  rap id  res tora t ion  of the  or ig ina l  l eve l  of the  in t r ac ran ia l  EPG and 
in t r ac ran ia l  pressure a f t e r  intense accelerations i s  another indicat ion of the 
high resis tance of the in t r ac ran ia l  blood c i rcu la t ion  t o  mechanical factors,  
although s t ruc tu ra l  changes i n  the  walls of the  cerebral  vessels  apparently 
p e r s i s t  a f t e r  intense accelerations, as demonstrated by Prives (1963) fo r  other 
vascular regions. 

Second, act ive reactions OS the  cerebrovascular system obviously a r i s e  as 
a result of change i n  the  cerebral  blood volume and in t r ac ran ia l  pressure and as 
a r e s u l t  of interoceptive ref lexes .and development of cerebral  hypoxia due t o  
deter iorat ion i n  the  blood supply and decreased oqgenat ion of the  blood. O f  
importance too  are the  reactions e l i c i t e d  by longi tudinal  acceleration during 
the speeding up and slowing dawn of the  centrifuge. 
the or ig ina l  l eve l  of cerebrovascular tone during l a t e r a l  acceleration under 
steady ro ta t ion  conditions. 

These react ions determine 

Thus, the combination of the  processes of ac t ive  regulat ion and those 
caused by mechanical forces makes the  degree of impairment of the cerebral  c i r -  
culat ion during l a t e r a l  accelerations dependent both on t h e  magnitude of the 
s t r e s s  applied during the steady ro ta t ion  conditions and on the  acceleration of 
the centrifuge. The r a t e  of res tora t ion  of the  or ig ina l  indices var ies  with 
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the  deceleration conditions of the  centrifuge. It i s  thus f a i r  t o  assume t h a t  
the degree of impairment of t he  cerebral  blood volume may be reduced by choosing 
the  optimum combination of longi tudinal  and l a t e r a l  accelerations.  This can be 
done by appropriate or ientat ion of the body t o  the  d i rec t ion  of the  acceleration. 

The data  examined i n  t h i s  sect ion on the dynamics of the l e v e l  of the  
cerebral  blood volume during longitudinal and l a t e r a l  accelerations indicate  t h a t  
a passive mechanical factor  plays an important p a r t  i n  a l t e r ing  the  blood supply 
a t  t h i s  time. Besides passive change i n  the  l eve l  of the  cerebral  blood volume, 
there  a re  a l so  ac t ive  changes. B u t  it i s  qui te  d i f f i cu l t ,  i n  our opinion, t o  

underlying act ive react ions of the  cerebral  vessels.  This i s  due, first,  t o  
the  f a c t  t h a t  g rav i ta t iona l  s t r e s ses  generally provoke a ser ies  of act ive re -  
actions by several  systems, including the  cardiovascular and cerebrovascular. 
It i s  extremely d i f f i c u l t  t o  s ingle  out the  reaction of the  cerebrovascular sys- 
tem. Second, experiments with a centrifuge have shown t h a t  t he  nature of the  
passive change i s  cmplex. This hampers the  task  of d i f fe ren t ia t ing  the passive 
and act ive changes i n  the  cerebral  blood volume and in t r ac ran ia l  pressure.  

say anything concrete regarding the  or igin of these changes, especial ly  the  /173 

Thus, the data  obtained during marked longitudinal and l a t e r a l  accelera- 
t ions t h r o w  l i g h t  only on the  general charac te r i s t ics  of the  changes i n  the  
cerebrovascular system. 

We s h a l l  now examine i n  some d e t a i l  the  nature of the  dynamics of the  
cerebral  blood volume and in t r ac ran ia l  pressure i n  a range of  la^ l o n 5 i & d i ~ - ~ a l  
accelerations as part  of 
cerebrovascular system. Analysis of the mater ia l  w i l l  help t o  ident i fy  the  
mechanical component of the react ion and t o  evaluate the  spec i f i c i ty  of the  
obseryed act ive reactions fo r  the  port ion of the vascular system under invest i -  
gation. 

comprehensive study of the  act ive reactions of the 

Section 2.  Character is t ics  O f  The Active Reactions O f  The 
Cerebrovascular System To Low Longitudinal Accelerations 

We studied i n  acute and chronic experiments on animals and during observa- 
t ions on man the charac te r i s t ics  of act ive compensation of change i n  the  cere- 
b r a l  blood volume during longitudinal accelerations of fl G. To ident i fy  the 
active changes i n  the  l e v e l  of t h i s  blood volume, we created gravi ta t iona l  
s t resses  by rapidly char@ng the  pos i t ion  of the  animal's body on a revolving 
table .  Passive changes, as shown i n  chapter 2, took place exponentially and 
against  t h i s  background it w a s  easy t o  dis t inguish the  act ive changes. 

Figure 85 shows the  changes i n  l eve l  of the  in t racran ia l  EPG i n  a ca t  
during increasing accelerations.  
in tens i ty  of 0.4 t o  0.5 G was achieved the exponential nature of the  changes 
became impaired and the  l e v e l  tended t o  re turn  t o  what it w a s  before the  action. 
The f a c t  t h a t  the  d;ynamics of the  l e v e l  of the  intracranial .  EPG was a t  variance 
with the theore t ica l  calculations t e s t i f i e d  t o  the  existence of ac t ive  processes 
i n  the  cerebrovascular system. Simlar ac t ive  changes i n  the  l e v e l  of the  in t r a -  
c ran ia l  EPG varied i n  prominence among the d i f fe ren t  species of animals and 
human beings ( f i g s .  86, 87, 88). 

It i s  evident t h a t  several  seconds a f t e r  an 
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1 I _-_- _ _ _ _ _ _ _ _ _ _  -_-_------__------ 
Figure 85. Change i n  l eve l  of an Figure 86. Change i n  l eve l  of an 
in t r ac ran ia l  EPG i n  a ca t  during in t r ac ran ia l  E E  i n  a frog (a )  and 
pos i t ive  accelerations.  l i z a r d  (b )  during negative (1) 
Acute experiment. 1- O.2G; 2- 0.4 G; and pos i t ive  (2) accelerations of 
3 -  u.0 c t j  11- 0.8 G ;  5 -  1 C. 1 G. 
Time marker - 1 see. Time marker - 1 see.  

We f a i l e d  t o  observe ac t ive  
normalization of l eve l  of the cere- 
b r a l  blood volume i n  lower verte- 
brates  - frogs and t u r t l e s  ( f i g .  86). 
PaTtial, far  from complete compensa- 
t i on  occurred i n  l i za rds  and pigeons 

10 see after the s ta r t  of the action 
the l e v e l  was almost completely normal. 
I n  cats  and dogs, the normalized l eve l  

Figure 87. pers i s ted  30 t o  40 see during the 
in t r ac ran ia l  EPG i n  several  species acceleration and sometimes as much as 
of animals during negative accelera- 60 sec, whereas i n  rabbi t s  and ra ts  
t ions  of 0.6 G. it pe r s i s t ed  only 10 t o  20 see. When /175 
Acute experiment. 1- pigeon; 2- rab- the acceleration w a s  increased, the 
b i t ;  3- cat .  duration of the  phase of act ive norma- 
Time Marker - 1 see. l i z a t i o n  became shorter.  Compensation 

volume was longest and most complete i n  human beings ( f i g .  88). 
t i v e  and negative accelerations, continuation of the  act ion resu l ted  i n  a r i s e  
i n  the  l eve l  a f t e r  the normalization phase. 
by a sharp increase i n  the amplitude of the pulse  and respiratory waves. 

3 ( f ig .  86 and 87). I n  mammals, 5 t o  

------ --_ ---___-____-_ -- ---- -- _--_---__ 
Change i n  l e v e l  of an 

of the l eve l  of the cerebral  blood 
With both posi-  

This r i s e  w a s  generally accompanied 
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Figure 88. 
E% (l), oxygen tension ( 2 ) ,  and cardiac r a t e  
(3) i n  a human being during negative (a)  and 
pos i t i ve  (b )  accelerat ions of 0.5 G .  The EPG 
was recorded from subdural electrodes.  

Change i n  l e v e l  of an in t r ac ran ia l  

The arrows designate the  s t a r t  and end of the 
action. 
Time marker - 1 sec. 

The above-described ac t ive  changes i n  l e v e l  o f  the  in t r ac ran ia l  EPG were 
more pronounced a f t e r  negative accelerations,  especial ly  i n  human beings ( f i g .  
88). 

I n  some experiments with mammals, especial ly  cats, when pos i t i ve  accelera- 
t ions  achieved ce r t a in  i n t e n s i t i e s  (about 0.8 t o  1 G), the  l e v e l  of t he  in t r a -  
c r an ia l  EPG changed i n  the  opposite direct ion.  During accelerat ions of about 
0.2 to 0.3 G, changes i n  the  d i rec t ion  of the  l e v e l  of the  in t r ac ran ia l  EPG 
were as expected, indicat ing t h a t  the  cerebral  blood volume decreased (Moska- 
lenko e t  al. ,  1964a). With s t r e s ses  of about 0.8 t o  1 G the  passive change 
w a s  completely masked by the  ac t ive  processes, which not only normalize the  
blood volume l e v e l  but  a l so  give r i s e  t o  hypercompensation. 
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The cerebral  blood volume of ten decreases sharply f o r  a few seconds a f t e r  
negative accelerat ions.  This phenonemon, l i k e  t r ans i en t  spasm of the  cerebral  
vessels, occurred i n  our experiments on frogs, t u r t l e s ,  l izards ,  chickens 
( f i g .  86) and i n  deeply anesthetized “ m a l s  when ac t ive  normalization of the  
l e v e l  of the blood volume w a s  ins igni f icant  or absent ( f i g .  89). 
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Figure 89. Change i n  level of an i n t r a -  
c ran ia l  EPG i n  a deeply anesthetized ca t  
during pos i t ive  (1) and negative ( 2 )  
accelerations of 1 G. 
Time marker - 1 see. 

I n  the  case of pos i t ive  accelerations,  a similar t rans ien t  change i n  the  
cerebral  blood volume occurred, as a rule,  immediately a f t e r  t he  act ion ceased. 
This w a s  a l so  observed i n  experiments on t u r t l e s ,  l i z a r d s ,  chickens, and some- 
times ca ts  and dogs, regardless of the depth of anesthesia ( f i g .  go), and during 
observations on human bejlngs (9l), but i n  the l a t t e r ,  only when the EPG was r e -  
corded from implanted electrodes.  

Figure 90. Change i n  l eve l  of an in t racran ia l  
EPG and in t r ac ran ia l  pressure i n  a ca t  a t  
‘the moment when pos i t ive  acceleration w a s  
ha l ted  . 
1. in t r ac ran ia l  pressure;  2. E E ;  3. r a t e  

m( 

’ Of change i n  in t r ac ran ia l  
f------ 

V 
-----\ 

\ I  

‘J T i m e  marker - 1 see. 



I -  

within the  
cranium 

Figure 91. Change i n  l e v e l  of an in t r a -  
c ran ia l  EPG (1) and oxygen tension ( 2 )  
i n  a human being a f t e r  the  cessation of I 

pos i t ive  acceleration. 

from electrodes implanted i n  bra in  t i s sue .  

a. before the  action; b. during restorat ion 
of the or ig ina l  posi t ion of t he  body. The 
arrows designate the  time the  action was 

a 

’ The EPG and polarogram were recorded 
0.5 ohm u 1 

-; halted.  - . I . . . . .  . . . . . . . -_ -;.- ., . . , , . . . I *  - 
Time marker - 1 sec. 

I n  a se r i e s  of experiments on cats  and dogs, the  W a c s  of i n t r ac ran ia l  
pressure and pressure i n  the  cervical  and lumbar segments of the spine was re -  
corded simultaneously with the  in t racran ia l  EPG. The experiments showed t h a t  
changes i n  in t r ac ran ia l  pressure and pressure i n  the  cervical  and lumbar 
segments of the  sp inea re  proportional t o  the  in t ens i ty  of the acceleration and 
tha t  they occur immediately a f t e r  the action i s  s t a r t e d  ( t a b l e  9) .  

i n  the  cerv ica l  
segment of the 
spine 

TABU 9. MAXIMUM VALUES OF THE CHANGE I N  PFSTSJRE I N  DIFFEREKT 
PARTS OF THE CEREBROSPINAL CAVITY DURING POSITIVE 
ACCELFIMTIONS LASTING 1 MINUTE (BASED ON 10 MEASURE- 
MENTS ) 

In t ens i ty  of 
acceleration 

( i n  G )  

0.2 
0.6 
1.0 

0.5 -1.5 
2.0-3.0 -1 
3 - 0-5 - 0  

- 
0.1-0.5 
0.3-1.0 

i n  the  lumbar 
segment of the 
spine 

0.8-2.0 
2.0-4.0 
4.0-7.0 

Changes i n  the  leve ls  of i n t r ac ran ia l  and lumbar pressures, as shown 
i n  f igure  92, are  r e l a t ed  and i n  the  opposite direction, but pressure 
i n  the  cervical  segment of the  spine changed only ins igni f icant ly .  

The dynamics of CSF pressure i n  the  c r a n i a l  and ver tebra l  cav i t ies  during 
acceleration, as shown i n  f igure  92, was w c h  l e s s  pronounced than the changes 
i n  l e v e l  of the  in t r ac ran ia l  EPG. The lack of a paral le l ism between the  changes 
i n  CSF pressure and cerebral  blood volume, as noted i n  chapter 2, i s  fur ther  
evidence of act ive changes i n  the l e v e l  of t h i s  blood volume during longitudinal 
accelerations such as l iv ing  organisms encounter under na tu ra l  conditions. 
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Figure 92. Changes i n  the  leve ls  of the in t r a -  
c ran ia l  EPG (I), i n t r ac ran ia l  pressure ( 2 ) ,  pres- 
sures  i n  the  cervical  ( 3 )  and lumbar ( 4 )  segments 
of t he  spine i n  a ca t  during negative ( a )  and 
pos i t ive  ( b )  accelerations of 0.6 G. 

Acute experiment. Time marker - 1 see. 

It i s  fair  -to conclude from the  f ac t s  s e t  for th  above t h a t  i n  most of the  
species of animals invest igated low accelerations give r ise  t o  act ive changes 
i n  the  cerebral  blood volume. 
adaptation t o  the grav i ta t iona l  s t resses  occurring i n  nature. The reactions 
can be divided i n t o  two groups: (1) act ive  normalization of the  blood volume 

during negative accelerations;  (2 )  temporary changes i n  the l eve l  of the blood 
volume l eve l  occurring a t  the  beginning or end of the  act ion i n  r e l a t ion  t o  the 
d i rec t ion  of the action. 

These changes a re  very l i k e l y  the r e s u l t  of 

l e v e l  occurring some time a f t e r  the  start of the act ion and most pronounced /179 

Active react ions of the f i r s t  type occur i n  the higher animals and man, 
while those of the second type a re  most charac te r i s t ic  of t h e  lower vertebrates 
i n  which they ar ise ,  as a rule, both a t  the  beginning and a t  the end of the 
action regardless of i t s  direct ion.  Although we sometimes observed act ive r e -  
actions of the  second type i n  the higher species of animals and i n  man, they 
generally did not occw unless the  act ion w a s  i n  a given direct ion.  The deeply 
anesthetized animals const i tuted an exception. 



The data  t h a t  we obtained i n  investigations on representatives of various 1180 
classes  of animals and on human beings show t h a t  the  minimum values of the  nega- - 
t i v e  accelerations a t  which there  are  act ive changes i n  the  l e v e l  of the  i n t r a - '  
c ran ia l  EPG range from 0.3 t o  0.6 G. 
compensation of the  cerebral  blood volume supply var ies  considerably from species 
t o  species. I n  amphibians, rep t i les ,  birds,  and some mammals ( r a t s  and rabbi ts) ,  
we were able t o  achieve these l imi t s  using a revolving tab le .  But i n  experi- 
ments on ca ts  and dogs these l imi t s  exceeded 1 G and then only i n  the  experi- 
ments involving a centrifuge.  A comparison of the averaged data  obtained i n  the 
experiments on several  representatives of four classes of ver tebrates  ( f i g .  93) 
indicate  t h a t  there  i s  a re la t ionship between the tolerance of negative accelera- 
t ions  and the  l eve l  of development of the  cent ra l  nervous system as wel l  as 
the mode of l i f e  of the  animals. To construct the  graph shown i n  f igure  93, 
data  on the upper l i m i t  of the  acceleration a t  which compensation of the  cere- 
b r a l  blood volume i n  man i s  s t i l l  possible were taken from the  s tudies  of Howard 
and Gla is te r  ( 1964) , who invest igated the cerebral  blood flow using radioactive 
krypton, and of Wood e t  a l .  (1963), who invest igated the threshold of v i sua l  
impairment during longitudinal accelerations.  

The upper l imi t  a t  which there  i s  act ive 
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Figure 93. Regions i n  which act ive changes i n  
the c ran ia l  cavity blood supply were manifested 
i n  various ver tebrates  and hman beings during 
negative accelerations.  

1. lower l i m i t ;  2 .  upper 1bi.t. The v e r t i c a l  
l i nes  show 95 percent confidence limits of 
mean values of the  lower and upper limits. 
Ordinate - in tens i ty  of acceleration. 
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On the  basis  of our data  we assume t h a t  t he  l imits of ac t ive  compensation 
of the  l e v e l  of the  cerebral  blood volume during longi tudinal  accelerations vary 
not only with the  l e v e l  of CNS development but  with the ecological charac te r i s t ics  
and functional s t a t e  of the organism. This i s  proved by the  r e su l t s  of experi- 
ments t h a t  we performed j o i n t l y  with Z.  I. Barbashova, I. I. Kas'yan, A. A. 
Shurubura on three  groups of rats.  The f i rs t  group w a s  kept i n  an ordinary cage. 
The second group was kept f o r  several  weeks i n  spec ia l  chambers t h a t  r e s t r i c t e d  
the v e r t i c a l  mobility. The t h i r d  group w a s  acclimatized t o  hypoxia. A compari- 
son of the da ta  obtained f o r  t he  animals exposed t o  negative accelerations showed 
t h a t  the threshold of inclusion and the upper l i m i t  of act ive compensation of the 
l eve l  of the in t r ac ran ia l  EFG d i f fe red  considerably ( t a b l e  10). 

TABLE 10. THRESHOLDS OF INCLUSION AND MAXIMUM VALUES OF 
NEGATIVE ACCELERATIONS AT WHICH ACTIVE CHANGES 
WERF PERCmIBm I N  THE CEREBRAL BLOOD VOLUME 
OF RATS .KEF" UNDER DIFFERENT CONDITIONS. 

.-- . ~ ... 

Animals 

- 

control 
kept under hypoxi c 
conditions 
kept under condi- 
t ions of l imited 
mobility 

. 

Number of 
animals 
investigated 

- . .- 

22 

24 

19 

- ~- . . . - ____ 

Threshold of i n -  
clusion of ac t ive  
react ion of t he  
cerebral  vessels 

0.4-0.6 

0.8-1.0 

0.3-0.4 

Maximum acce- 
le ra t ions  a t  
which ac t ive  
changes were 
perceptible i n  
the cerebral  
blood volume 

0.8-1.0 

>1.0 

0.6-0.8 

We noted a similar correlat ion between the thresholds of inclusions and 
upper limits of the accelerations a t  which ac t ive  compensation occurred i n  the 
blood volume when we compared the  da ta  obtained from the same groups of animals 
during pos i t ive  accelerations.  B u t h e r e  the threshold of inclusion of the 
act ive reactions was higher than during negative accelerations.  

During the  acclimatization of rats t o  hypoxia, as shown by Shurubura e t  al. 
(1965), there  a re  s ign i f icant  per iodic  f luctuat ions of the cerebral  blood volume 
both under normal conditions and during longi tudinal  accelerations.  
offered only one of several  possible explanations f o r  the  e f f ec t  of acclimatization 
t o  hypoxia on act ive reactions of the cerebral  vessels  t o  longitudinal accelera- 
t ions .  

This a r t i c l e  /182 

The r e s u l t s  of comparing animals kept under conditions of l imited mobility 
with the control  a r e  i n  agreement with the  observakions of Graveline and McCally 
(1962) and Miller e t  al .  (1964). These authors found t h a t  a f t e r  prolonged i m -  
mersion i n  water or a f t e r  prolonged immobility human beings a re  much l e s s  able 
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to t o l e ra t e  or thos ta t ic  t e s t s  and they frequently exhibi t  symptoms of cerebral  
i s  chemi a. 

Thus, the  functional s t a t e  of the  organism would seem to exert  a s ign i f icant  
influence on the act ive cerebrovascular reactions t o  longi tudinal  accelerations.  
This suggests t h a t  prolonged weightlessness can a l so  a f f ec t  the r eac t iv i ty  of the  
cerebrovascular system. 

The experimental mater ia l  presented i n  t h i s  sect ion indicates  quite c lear ly  
tha t  there  are  two kinds of act ive changes tha t  a r i s e  i n  the  cerebral  blood 
volume as a r e s u l t  of the  red is t r ibu t ion  of blood caused by b r i e f  longitudinal 
accelerations. These act ive changes may be a manifestation of the  ac t iv i ty  of 
the  mechanisms formed i n  the  course of the  evolutionary adapation of l i v ing  beings 
to the  ear th ' s  gravity.  

Having demonstrated the  presence of act ive changes i n  the  c ran ia l  cavity 
blood susply and elucidated some of t h e i r  character is t ics ,  l e t  us now tu rn  to 
t h e i r  spec i f i c i ty  f o r  the  cerebrovascular system. 

Section 3. Origin Of Active Changes I n  The Cerebral Blood Volume 
During Low Longitudinal Accelerations 

It follows from our general ideas on the  e f fec ts  of longi tudinal  accelerations 
t h a t  there  a re  two kinds of ac t ive  changes i n  the  cerebral  blood volume. F i r s t ,  
they may a r i s e  from change i n  the  perfusion pressure of the  blood, the  r e s u l t  of 
change i n  the  systemic c i rcu la t ion  due t o  grav i ta t iona l  s t r e s s .  Thus, changes 
i n  the  cerebral  blood volume may be caused by fac tors  external  to the cerebro- 
vascular system. Secondly, they may be caused by regional reactions of  the cere- 
bral  vessels which a re  spec i f ic  only for  t ha t  p a r t  of the  vascular system. They 
a r i s e  as a r e s u l t  of change i n  the  in t r ac ran ia l  c i rcu la t ion  during acceleration. 

/183 

Which of these kinds of reactions i s  responsible f o r  ac t ive  compensation of 
the  cerebral  blood volume during acceleration? The avai lable  data suggest t h a t  
it i s  caused by autonomous reactions of the  cerebrovascular system. The r e su l t s  
of simultaneous recqrding of a r t e r i a l  p re s swe  i n  the  femoral a r t e ry  and in t r a -  
c ran ia l  EPG i n  ca t s  and dogs (Moskalenko e t  al., 1964b) show t h a t  during longi- 
tudinal  accelerations of up to 1 G, when t h e r e  i s  ac t ive  compensation of the  
cerebral  blood volume, a r t e r i a l  pressure changes ins igni f icant ly  and only a t  
the  start  of the  act ion and a f t e r  it i s  halted. This f a c t  i s  consistent with 
the  data  c i t e d  above (p.115) on the  steadiness of systemic a r t e r i a l  pressure 
during s l i g h t  longi tudinal  accelerations.  

It i s  common knowledge, however, t h a t  during s l i g h t  longi tudinal  accelera- 
t ions  s ign i f icant  changes sometimes occur i n  the  cardiac rate ,  apparently the  
r e s u l t  of ref lexes  from the  baroreceptors i n  the  o r i f i ce s  of t he  venae cavae. 
Moreover, we observed tachycardia and bradycardia i n  persons subjected to posi-  
t i v e  and negative accelerations,  respectively (Moskalenko e t  al., 1 9 6 4 ~ ) .  Yet 
simultaneous recording of an in t r ac ran ia l  EPG and of the  dynamics of the  cardiac 
r a t e  i n  man shows t h a t  t he  changes i n  these indices during gravi ta t iona l  s t resses  
a re  not re la ted .  For example, i n  the  case of negative acceleration of about 
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0.6 G, bradycardia s e t s  i n  several  seconds a f t e r  the  start  of act ive compensa- 
t i o n  of the cerebral  blood volume, whereas i n  the  case of pos i t ive  acceleration 
of the same intensi ty ,  t he  l e v e l  of the  in t r ac ran ia l  EPG scarcely changes during 
the  action, despi te  t he  development of tachycardia ( f i g .  88). 

A l l  t h i s  t e s t i f i e s  t o  the autonomy of ac t ive  compensation during longitudinal 
accelerations.  For f i n a l  proof we t raced the  dynamics of t h e  blood volume i n  
other pa r t s  of the body during longi tudinal  accelerations (Moskalenko e t  al., 
1963). Recording of an EPG of the  antebrachium i n  animals ( r a t s  and ca ts )  with 
the an ter ior  extremity placed a t  the  l eve l  of t he  head'showed t h a t  during posi-  
t i v e  and negative accelerations (about 1 G) the  blood volume of t h i s  pa r t  of the  
body changes only a t  the  start and end of the  action, but  the l e v e l  remains steady 
i n  the intervening in t e rva l  ( f i g .  94). We obtained similar r e su l t s  when recording 
a chest EFG during the  same actions ( f i g .  94). 

Q 

Figure 94. 
( a) and EFG of the  forepaw (b)  i n  a rat 
exposed to pos i t ive  (1) and negative ( 2 )  
accelerations of 1.0 G. 

Change i n  l e v e l  of  a chest  EPG 

Acute experiment. Time marker - 1 see. 

Thus, the  f ac tua l  mater ia l  more or l e s s  confirms our conclusion as t o  the 
autonomy of the  ac t ive  reactions of the cerebrovascular system during s l i g h t  
longi tudinal  accelerations.  Nevertheless, more information i s  needed on the  
loca l iza t ion  of these react ions because the  regulatory processes i n  the  cerebral  
vessels are  known t o  function independently of one another i n  d i f fe ren t  pa r t s  of 
the vascular system. For example, according t o  Mchedlishvili e t  a l .  (Mchedlish- 
v i l i  and Ormotsadze, 1962; Mchedlishvili e t  al., 1962), a t  l e a s t  three areas 
can now be distinguished i n  the cerebrovascular system which d i f f e r  from one 
another with respect t o  regulation: (1) extraorgan a r t e r i e s  ( i n t e rna l  caro t id  
and ver tebral)  which t ransport  the  blood to the  brain, (2 )  a r t e r i e s  of the p i a  
mater, and (3) blood vessels i n  brain t i s sue .  The next task, therefore, i s  
t o  determine a t  which l e v e l  of the  cerebrovascular system the  above reactions 
of the  cerebral  vessels take place. 
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A s  adequate so lu t ion  of t he  problem is' now d i f f i c u l t  f.0 achieve f o r  
technical  reasons. It would require  the  study, i n  i so la t ion ,  of the  character i -  
s t i c s  of the  reactions of different ,  vascular regions and even of individual  
blood vessels.  And i n  doing so  it would be necessary to take i n t o  account the  
funct ional  charac te r i s t ics  of t he  brain s t ruc tures  which these vessels supply 
with blood. W e  s h a l l  therefore  l i m i t  ourselves below only to considering the  
r e l a t i v e  pa r t i c ipa t ion  of the  three main divisions of the  cerebrovascular sys- 
tem distinguished by Moskalenko e t  a l .  
the  cerebral  blood volume. 

i n  r ea l i za t ion  of ac t ive  changes i n  

O f  considerable i n t e r e s t  i n  t h i s  connection i s  a comparison of the  data  
on the  dynamics of t he  cerebral  blood volume during negative accelerations with 
the  data  on the  nature  of t he  react ion of the  p i a l  a r t e r i e s  during temporary 
occlusion of the superior vena cava, as observed by Mchedlishvili e t  al .  (1962) 
with the  help of ser ia l  microphotography. This phenomenon i s  p a r t l y  s imilar  to 
the  e f f e c t  of negative accelerations because i n  both instances the main fac tor  
influencing the  cerebral  vessels  i s  interference with the outflow of venous 
blood from the cranium. 

Mchedlishvili e t  a l .  found t h a t  the  p i a l  vessels  cons t r ic t  immediately 
a f t e r  the  superior vena cava i s  occluded but d i l a t e  about 1 minute l a t e r .  
indicates  t h a t  act ive compensation of the  change i n  t h e  cerebral  blood volume, 
which takes place severa l  seconds a f t e r  the start of acceleration, may be caused 
by the  react ions of t h e  p i a l  a r t e r i e s .  
p i a l  a r t e r i e s  play a major r o l e  i n  t h i s  respect during gravi ta t ibna l  s t r e s ses  
comes from the  da ta  t h a t  w e  obtained by simultaneously recording an in t r ac ran ia l  
EPG and blood pressure i n  the  cen t r a l  and per ipheral  portions of t he  in t e rna l  
caro t id  a r t e ry  ( t h e  dynamics of the difference between these pressures provides 
information on changes i n  the  tone of the a r t e r i e s  a t  the base of the cranium). 

This 

Support f o r  the  assumption t h a t  t he  

It i s  evident from f igure  95 t h a t  t h e  difference i n  pressures i n  the  cent ra l  
and per ipheral  port ions of the  in t e rna l  caro t id  a r t e ry  does not change s igni -  
f i can t ly  during negative accelerations,  i . e . ,  t he  tone of the  a r t e r i e s  a t  t he  
base of t he  cranium i s  v i r t u a l l y  unchanged. An in t r ac ran ia l  EFG recorded a t  
the  same time reveals t he  ac t ive  react ions of the cerebrovascular system. 

I r  
3 I '  

Figure 95. Correlation between 
pressures i n  the caro t id  a r t e ry  
(1) and i n  the  a r t e r i e s  a t  t he  
base of the cranium ( 2 )  and 
in t r ac ran ia l  EPG (3) i n  a dog 
exposed to longi tudinal  acce- 
le ra t ions  of 0.8 G. 

Pressure i n  the  a r t e r i e s  a t  the 
base of t he  cranium w a s  re-  
corded by H h t h l e ' s  method. 
Time marker - 1 sec. 



A comparison of the data  t h a t  w e  obtained by recording changes i n  t h e  cere- 
bral  blood volume. i n  man from subdural and implanted electrodes likewise sug- 
gests  t h a t  the p i a l  arteries a re  much more involved i n  the  ac t ive  changes occur- 
r i n g  i n  the  l e v e l  of the  in t r ac ran ia l  DGthan  are  the  a r t e r i e s  i n  tlie 
deep-lying divis ions of the  brain.  Whereas changes i n  the l e v e l  of the EPG r e -  
corded.from subdural electrodes dring br ief  grav i ta t iona l  s t r e s ses  c lear ly  re -  
f l e c t  t he  ac t ive  compensation of changes i n  the  cerebra l  blood volume, the  in t r a -  
c r an ia l  EPG recorded from implanted electrodes undergoes changes only a t  the  
start and end of t he  action, remaining unaffected during t h e  intervening in te rva l .  

Thus, t he  f ac tua l  mater ia l  a t  our disposal  shows t h a t  the  p i a l  a r t e r i e s  play 
a leading ro l e  i n  e f fec t ing  ac t ive  changes i n  the  cerebral  blood volume during 
b r i e f  longi tudinal  accelerations.  This i s  not an unexpected conclusion because 
the  p i a l  a r t e r i e s  a.re i n  d i r ec t  contact with the  CSF and therefore  ac t ive  change 
i n  the lumens i s  qui te  possible.  Moreover, s ince pressure drops sharply i n  
the p i a l  arteries of s m a l l  and medium diameter (Symon e t  al., 1963), change i n  
t h e i r  tone i s  a very e f f ec t ive  regulator  of the in t ens i ty  of the cerebral  
flow. 

While acknowledging the  importance of t h e . r o l e  played by react ions of t he  
p i a l  a r t e r i e s  i n  bringing about act ive changes i n  the  cerebral  blood volume, it 
would nevertheless be wrong t o  think t h a t  t h i s  i s  the  only s i t e  of the ac t ive  
processes t h a t  arise i n  the cerebral  vascular system during gravi ta t iona l  s t resses .  
It i s  qu i te  probable tha t  under ce r t a in  conditions the  a r t e r i e s  a t  the base of 
the  cranium and t he  vessels of the deep-lying portions of the brain a l so  p a r t i -  
c ipa te  i n  the  ac t ive  reactions.  Nor can the  poss ib l i t y  of ac t ive  involvement 
of the venous portions of the  cerebrovascular system be ruled out. 

New types of ac t ive  react ions of the  cerebral  vessels s e t  i n  especial ly  
when the  act ion i s  lengthened. For example, during prolonged negative accelera- 
t ions  of from 0.6 t o  1.0 G we observed t h a t  following the phase of compensation 
of changes i n  the  cerebra l  blood volume indicat ive of cons t r ic t ion  of the  cere- 
bra1 vessels, the  blood volume increased rap id ly  0.5 t o  1 min after the  start of 
t he  act ion (Moskalenko et al., 1964a), just as happened i n  the experiments of 
Mchedlishvili e t  a l .  (1962). This shows t h a t  there  i s  a new phase i n  the act ive 
react ions of t he  cerebral  blood vessels which seem t o  embrace not only the p i a l  
vessels  but  a l so  other p a r t s  of the  cerebrovascular system. 
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Section 4. Possible Physiological Mechanisms Responsible For 
Active Changes I n  The Cerebral Blood Volume During Gravi- 

tat iona l  S t res s es 

The physiological mechanisms control l ing the cerebrovascular reactions 
under various conditions are  qui te  d i f f i c u l t  t o  discuss f o r  two reasons. One 
i s  t h a t  the exis t ing methods are too l imited to reveal  i n  f u l l  a l l  the  charac- 
t e r i s t i c s  of t he  react ions t o  a given stress. The other reason i s  tha t  t he  
mechanisms t h a t  regulate  the  cerebral  c i rcu la t ion  are s t i l l  not su f f i c i en t ly  
understood. 
p laus ib le  working hypotheses. We s h a l l  examine, therefore, only the  two best 

Consequently, t he  discussion must be confined t o  more or l e s s  
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known phenomena: (1) act ive  normalization of tk l e v e l  of t he  cerebra l  blood 
volume during b r i e f  grav i ta t iona l  s t resses ,  and (2 )  ac t ive  changes i n  the  l e v e l  
of t he  cerebral  blood volume t h a t  a r i s e  a t  t he  start and end of longi tudinal  
accelerations.  

What are the physiological mechanisms t h a t  may be responsible f o r  these 
phenomena? I n  the  l i g h t  of current  ideas on the  mechanisms regulat ing the  
in t r ac ran ia l  c i rculat ion,  it i s  reasonable t o  suppose t h a t  ac t ive  normalization 
of the  cerebral  blood volume during longi tudinal  accelerat ions i s  e i the r  the 
r e s u l t  of b ra in  t i s s u e  hy-poxia caused by interference with the  cerebra l  blood 
flow or the  r e s u l t  of st imulation of t he  baroreceptors, i . e . ,  it i s  r e f l e x  i n  
origin. Another poss ib l i t y  i s  t h a t  both mechanisms are involved simultaneously. 

Judging by the ava i lab le  facts ,  it i s  most unl ikely t h a t  ac t ive  compensation 
of changes i s  brought about by phenomena associated with impairment of the  cere- 
b ra l  blood supply. For one thing, simultaneous recording of oxygen tension i n  @ 
bra in  t i s s u e  and an i n t r a c r a n i a l  EPG i n  animals and human beings has shown t h a t  
t h e  first index remains unchanged during the development of ac t ive  compensation 
of changes i n  the  blood volume ( f i g .  88). During longi tudinal  accelerat ions of 
2 G l a s t i n g  1 minute, according to Banchero e t  a l .  (1965), oxygen tension i n  
a r t e r i a l  blood a l so  changes l i t t l e .  Moreover, the shor t  l a t e n t  per iod ( 3  to 10 
sec) of t he  react ion of ac t ive  compensation of changes i n  the  cerebral  blood 
volume indicates  t h a t  it can hardly be caused by processes associated with i m -  
pairment of t he  oxygen supply of brain t i s s u e  because hypoxia usual ly  develops 
over much longer periods of time. We never observed i n  human beings any d is -  
agreeable sensations r e su l t i ng  from act ive compensation of the  cerebral  blood 
volume., 
(Moskalenko e t  al . ,  1964b). 

Electroencephalograms taken a t  t h i s  time were within normal l imi t s  

The foregoing leads one t o  bel ieve t h a t  ac t ive  normalization of t he  cere- 
b r a l  blood volume during s l i g h t  longi tudinal  accelerations i s  control led by re -  
f lexes  e l i c i t e d  by changes i n  blood pressure i n  the cerebral  veins and i n  i n t r a -  
c r an ia l  pressure because these systems are  characterized by the  grea tes t  r e -  
l a t i v e  changes i n  pressure.  This assumption i s  supported by numerous morpholo- 
g i c a l  s tudies  t e s t i f y i n g  t o  the  existence of both baroreceptor zones i n  the 
venous sinuses and dura mater (Per l in ,  1955; Yegorova, 1958; Mikhaylov, 1965; 
others) and ef fe ren t  innervation of the  p i a l  a r t e r i e s  (Backay, 1941; Legait, 
1947; Konstantinovskiy, 1960; others) .  Mchedlishvili and Ormotsadze (1962) ob- 
tained d i r ec t  experimental data  on the existence of r e f l ex  constr ic t ion of re-  
gional cerebral  a r t e r i e s  i n  response to stimulation of the baroreceptor zones 
i n  the  venous sinuses. 

The most l i k e l y  poss ib i l i ty ,  therefore,  i s  tha t  a neurogenic mechanism i s  
responsible f o r  ac t ive  compensation of changes i n  the  cerebral  blood volume during 
gravi ta t iona l  s t r e s ses .  The duration of the  l a t e n t  period of the compensatory 
reactions ( 3  t o  10 sec) p a r a l l e l s  the  duration of the l a t e n t  period of rapid 
cerebrovascular react ions of neurogenic nature ( Ludwig and Schneider, 1954). 

It may be t h a t  the  r e f l ex  c i r c u i t  which s t a r t s  with the  baroreceptors of 
the  venus sinuses and dura mater and ends i n  the  p i a l  a r t e r i e s  a l s o  includes 
the  subcort ical  formations of the  bra in  because act ive compensation of changes 



i n  the cerebral  blood volume i s  absent during deep anesthesia, as noted (p .  149). 
Blinova and Marshak (1963) likewise point out t h a t  the  neuroreflex a c t i v i t y  of 
the  cerebral  vessels  decreases during deep anesthesia. 
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A comparison of t he  data  t h a t  we obtained i n  experiments on representatives 
of four c lasses  of ver tebrates  suggests t h a t  neurogenic reactions aimed a t  com- 
pensating changes i n  the  l eve l  of the  cerebral  blood volume during longitudinal 
grav i ta t iona l  s t r e s ses  f i rs t  appear i n  the higher r ep t i l e s .  

Analysis of the in t racran ia l  hemodynamics reveals t h a t  act ive reactions of 
the p i a l  a r t e r i e s  i n  grav i ta t iona l  s t resses  serve t o  normalize the hydrodynamic 
resis tance of the cerebrovascular system. A s  pointed out i n  chapter 2, the  t o t a l  
hydrodynamic resis tance of the  cerebral  vesse ls~  depends on the correlat ion between 
the  volumes occupied by the a r t e r i a l  and venous systems i n  the c ran ia l  cavity. 
This res is tance increases with change 
tems. Active change i n  the  volume of the other system i n  a d i rec t ion  opposite 
t o  t h a t  of the f i r s t  may normalize the  hydrodynamic resis tance of the  cerebral  
vessels.  Thus, it i s  fa i r  t o  assume tha t  during longi tudinal  accelerations active 
normalization of t he  l eve l  of the cerebral  blood volume, as manifested i n  change 
i n  the volume of the p i a l  a r t e r i e s  i n  a direct ion opposite t o  the  passive change 
i n  the venous blood volume, leads t o  compensation of the  increase i n  hydrodynamic 
resis tance of the cerebral  vessels and i s  one of the  manifestations of the se l f -  
regulatory system of the  cerebral  blood supply. 

i n  t he  volume of blood i n  one of the sys- 

It seems, then, t h a t  ac t ive  normalization of t he  cerebral  blood volume due 
t o  increased venous pressure i n  the. cerebral  vessels achieves the same r e s u l t  
as i n  the case of mechanical automatic s t ab i l i za t ion  of the  cerebral  blood flow 
during changes i n  a r t e r i a l  pressure, as discussed i n  chapter 2. The only dif-  
ference i s  t ha t  passive automatic s t ab i l i za t ion  i s  brought about by mechanical 
action of the system with the greater  i n t e rna l  pressure (cerebra l  a r t e r i e s )  on 
the system with the lower in t e rna l  pressure (cerebra l  veins), and vice versa i n  
the  case of act ive normalization, i .e . ,  by action of t he  system with the lower in- 
t e r n a l  pressure on the  system with the greater  i n t e rna l  pressure.  The l a t t e r  i s  
possible owing t o  the  mechanism of regulation examined above. 

I n  a l l  l ikelihood these compensatory reactions do not f u l l y  normalize the  
cerebral  blood supply i n  a l l  cases because it has been found t h a t  i n  dogs, f o r  
example, t he  in t ens i ty  of the cerebral  blood flow with the animal's body i n  a 
v e r t i c a l  posi t ion and head up may drop as much as 50 percent (Mayerson, 1940). 
I n  each of the  species of animals t ha t  we investigated, ac t ive  changes i n  the l eve l  
of the cerebral  blood volume has i t s  own charac te r i s t ics  with respect t o  both 
compensation and i t s  duration. 

/lgo . 
The second kind of ac t ive  reactions observed during longitudinal accelerations 

consists of t rans ien t  changes i n  the blood volume a t  the  start  and end of the 
action. The nature of thes? reactions suggests t h a t  they a re  based on change i n  
vascular tone i n  response t o  change i n  intravascular  pressure which, say many 
invest igators  (Fog, 1938; Forbes e t  a l . ,  19.97,~ ; Folkow, 1956; Thuraw and Kramer, 
1959; others) i s  a property of the smooth musculature, especial ly  of  the w a l l s  of 
the cerebral  vessels.  These reactions occur only when the  s t resses  change, i.e.,  
during sharp passive change i n  the  cerebral  blood volume under the  influence of 



gravi ta t iona l  forces.  The shape of the  curve re f lec t ing  act ive change i n  the  
blood volume t h a t  takes place a t  t h i s  time coincides with the  curve re f lec t ing  
change i n  the r a t e  of acceleration or, more acc-Jrately, i n  the r a t e  of change 
i n  the cerebral  blood volume and in t r ac ran ia l  pressure ( f i g .  90).  

I n  most cases, act ive reactions of the  second kind i n  m a n  and animals a re  
very br ief ,  no more than 2 t o  4 see i n  duration, but these reactions sometimes 
increase rapidly and p e r s i s t  as long as 15  t o  20 see. Since they cause the  ves- 
s e l s  to constrict ,  t h e i r  increased duration may induce hypoxia because even with 
t rans ien t  reactions of t h i s  kind there  i s  a decrease i n  oxygen tension i n  brain 
t i s sue  ( f i g .  91). Therefore, we cannot ru l e  out the  poss ib i l i t y  t h a t  such pro- 
longed reactions give r i s e  t o  t rans ien t  ischemic anoxia during longitudinal acce- 
lerat ions,  as observed by Rossanigo and Meimery. (1961) and Duvoisin e t  a l .  (1962). 
This phenomenon seems t o  occur qui te  often. For example, according t o  Dermiksian 
(1960), t rans ien t  syncope caused by ischemic anoxia of the bra in  occurs during 
or thos ta t ic  t e s t s  i n  1-3 percent of the  cases. It i s  noteworthy tha t  i n  mammals 
under deep anesthesia, when there  i s  no active,, compensation of the cerebral  blood 
volume, act ive reactions of t h i s  kind, as shown above, p e r s i s t  and they can 
be observed both when intravascular pressure increases and when it decreases. 
This f a c t  supports the assumption t h a t  the  reactions a re  a l oca l  response of the 
cerebral  vessels t o  changes i n  intravascular pressure during gravi ta t ional  s t resses .  

A comparison of the  data tha t  we obtained i n  experiments on representatlves & 
of Sour classes of vertebrates suggests t ha t  the  kind of ac t ive  cerebrovascular 
reactions under study i s  a phylogenetically older type of regulation of the  cere- 
b r a l  c i rculat ion during gravi ta t iona l  s t resses .  With increase i n  the l e v e l  of 
organization, the significance of t h i s  type of regulation decreases while t ha t  of 
the  neuroreflex mechanism charac te r i s t ic  of the  higher vertebrates and man grows. 
However, t h i s  assumption requires proof. 

The direct ion of the  act ive reactions of the  cerebral  vessels, a t  the  s t a r t  
and end of longi tudinal  accelerations, r e l a t ive  t o  the  passive change i n  the  cere- 
b r a l b l o o d  volume shows tha t  they prevent the  cerebral  blood volume from changing 
dras t ica l ly .  Overfil l ing of the vessels with blood, a po ten t i a l  danger t o  the 
vascular walls, i s  the  most serious e f fec t  of grav i ta t iona l  s t resses .  

It i s  in te res t ing  t o  note i n  t h i s  connection tha t  i n  amphibians, rep t i les ,  
and birds the  vascular reactions under study occur both when the cerebral  blood 
volume i s  increasing and when it i s  decreasing, whereas i n  mammals  and man 
the reactions a r i s e  only when the  blood volume i s  increasing e i the r  a t  the  s t a r t  
o r  end of the  action, depending on the d i rec t ion  of the grav i ta t iona l  s t r e s s .  
Presumably, reactions of t h i s  kind a re  more d i f fe ren t ia ted  i n  mammals than i n  
other classes of vertebrates.  

It i s  worth noting t h a t  these &actions are  r e l a t ed  to the  r a t e  of change 
i n  intravascular pressure. Such a re la t ionship between the  stimulus and the  
cerebrovascular react ion i s  by no means exceptional. As we demonstrated i n  
chapter 4, l oca l  changes i n  the  blood supply of the deep-lying portions of the  
bra in  bear the  same 
bra in  t i s sue .  
the  e f fec t  not on the  in t ens i ty  of the  act ing force but on the r a t e  of change 
therein, most l i k e l y  has important biological  significance.  This re la t ionship 

relat ionship t o  the r a t e  of change i n  oxygen tension i n  
The regulatory principle,  which i s  based on the  dependency o f  
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between the force and the act ive response may wel l  help t o  prevent disturbances i n  
the system during extreme s t resses  because one of the  indices of the  force of the 
act ion i s  i t s  r a t e  of growth. 

W e  observed s t i l l  another kind of ac t ive  reactions of the cerebral  vessels 
during prolonged accelerations - a phase of increasing blood volume of the cranium L9: 
followed by a phase of act ive compensation. 
d i l a t a t i o n  of t he  cerebral  vessels resu l t ing  from the  development of hypoxia be- 
cause the in t ens i ty  of the  cerebral  blood flow, as mentioned above (p.160), con- 
t inues t o  decrease even during s l i g h t  (about 1 G) negative accelerations, despite 
act ive compensation of the  l e v e l  of the cerebral  blood volume. A sharp increase 
i n  the  amplitude of the  pulse  waves of the  in t r ac ran ia l  EPG i s  another indicat ion 
of d i l a t a t ion  of the cerebral  vessels.  

This phase is  probably caused by 

Thus, t h i s  kind of act ive reactions of the cerebral  vessels can be regasded 
as reactions of humoral nature. They have been thoroughly s tudied i n  recent 
years (Lassen, 1959; Kety, 1960; Meyer and Gotoh, 1961; others) and are considered 
by some invest igators  -bo be the  only kind of ac t ive  reactions i n  the p a r t  of the  
cerebrovascular system. With the l a t t e r ,  however, we f ind  it hard t o  agree i n  
the l i g h t  of the  data presented i n  t h i s  sect ion of our monograph. 

CONCLUSION 

The data  presented i n  t h i s  chapter indicate  t h a t  the cerebrovascular system 
i s  sens i t ive  under normal conditions t o  gravi ta t iona l  influences and has spec ia l  
mechanisms tha t  ensure compensation of the changes i n  the  in t r ac ran ia l  hemodynamics 
caused by gravi ta t iona l  forces. 

Longitudinal and l a t e r a l  accelerations produce s igni f icant  changes i n  the  
cerebral  blood volume and in t racran ia l  pressure. These provoke ac t ive  reactions 
of t he  cerebral  vessels aimed a t  compensating these changes. During accelerations 
below cer ta in  in t ens i t i e s  they prevent impairment of the  cerebral  blood supply. 

Active reactions of t he  cerebral  vessels are e l i c i t e d  by low longitudinal 
accelerat ions of about 0.3 t o  0.5 G, such as l i v ing  things encounter under normal 
conditions. They a l so  a r i s e  during l a t e r a l  accelerations created a r t i f i c i a l l y  and 
they are  one of t he  fac tors  t h a t  affect  l i v ing  organisms during spaceflight.  

I n  t h i s  chapter we examined i n  d e t a i l  only one group of spec i f ic  ac t ive  re- 
actions of the cerebral  vessels.  These a re  the reactions tha t  arise i n  r e s  onse 
t o  s l i g h t  longitudinal grav i ta t iona l  s t resses .  They are  of three kinds: ( ly 
t rans ien t  constr ic t ion of the  cerebral  vessels a t  the s ta r t  of pos i t ive  accelera- 
t ions  and end of negative accelerations;  ( 2 )  ac t ive  reactions of the cerebral  
vessels  aimed a t  compensating changes i n  the  cerebral  blood supply whose l a t e n t  
period ranges from 3 t o  8 seconds; (3)  d i l a t a t ion  of the cerebral  vessels 20 t o  
60 seconds a f t e r  the start of the action. 

The threshold of inclusion of the  f irst  two kinds of reactions ranges from & 
0.3 t o  0.6 G; t ha t  of the  third,  from 0.6 t o  1.0 G. 
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A n  in t ens i f i ca t ion  of longi tudinal  o r  l a t e r a l  accelerations st imulates new 
act ive reactions of both the  cerebral  vessels and other divis ions of t he  cardio- 
vascular system. Possible indicat ions of the inclusion of these reactions a re  
changes i n  the l e v e l  of t he  cerebral  blood volume examined i n  t h i s  chapter and 
changes i n  the  parameters of t he  per iodic  f luctuat ions of these values, pulse 
and resp i ra tory  waves, as demonstrated i n  chapters 3 and 4. 

It i s  possible  t h a t  the  ac t ive  react ions of t he  cerebral  vessels,  t he  r e s u l t  
of st imulation of the  vest ibular  apparatus, play some r o l e  i n  these processes. 
The existence of such react ions w a s  shown i n  the  works of Borishpol'skiy (1896), 
Klosovskiy (1942, 1951), Naumenko and Olesov (1958), and others.  Reflexes from 
various interoreceptor  zones seem to be another important f ac to r  i n  regulating 
the  cerebral  blood flow during accelerat ions (Shul'zhenko, 1965). 
necessary%o bear i n  mind the changes t h a t  take place i n  t h e  systemic and pulmonary 
circulat ions,  changes i n  oxygenization of the blood and concentration of various 
metabolites therein.  

It i s  a l so  

It i s  qui te  evident, therefore,  t h a t  t he  processes observed i n  the  cerebro- 
vascular system auring gravi ta t iona l  s t resses  are  qui te  extensive and t h a t  t he  
underlying physiological mechanisms are  complex. I n  t h i s  chapter we examined 
only a few of what we believe t o  be the most important phenomena involved. 



SOME RESULTS 

The s t ruc ture  of the  cerebrovascular system i s  responsible f o r  the existence &! 
of a complex s e t  of hydrodynamic processes underlying t h e  in t r ac ran ia l  c i rculat ion.  
The cerebral  blood flow, therefore, i s  influenced by gravi ta t iona l  stresses, in-  
cluding those encountered by l i v ing  organisms under na tura l  conditions and during 
spaceflight.  

I n  studying the  problem, one must obviously s ta r t  with the  underlying hydro- 
dynamic processes. The pat terns  of both the  passive and the act ive changes i n  
the cerebrovascular system caused by gravi ta t iona l  s t resses  have t o  be determined. 
However, OUT knowledge here i s  qui te  l imi ted  and based la rge ly  on the  r e su l t s  of 
s tudies  carr ied out many years ago and containing contradictory fac ts .  Thus, 
the nature of the passive changes i n  the  cerebral  c i rcu la t ion  and the  poss ib i l i t y  
of ac t ive  changes during gravi ta t iona l  s t r e s ses  i s  s t i l l  a moot question. 

Accordingly, t he  author of this monograph s e t  out t o  demonstrate the  pat terns  
of change i n  one of the  pr inc ipa l  indices of t he  in t r ac ran ia l  circulation, one 
t h a t  i s  most subjected t o  grav i ta t iona l  s t resses  - the  cerebral  blood supply. 

The materials considered show t h a t  the  volumes of a r t e r i a l  and venous blood 
and cerebrospinal f l u i d  i n  the  closed c ran ia l  cavi ty  experience continuous in t e r -  
r e l a t ed  changes resu l t ing  from cmdiac ac t iv i ty ,  respirat ion,  third-order waves, 
and such fac tors  as gravi ta t iona l  s t r e s s .  These changes a re  governed by two 
compensatory mechanisms : (1) red i s t r ibu t ion  of  the volumes of a r t e r i a l  and venous 
blood, and ( 2 )  change i n  the  correlat ion of the  t o t a l  cerebral  blood supply and 
CSF volume present i n  the  submeningeal spaces of the  brain. These two mechanisms 
have d i f fe ren t  time and amplitude charac te r i s t ics  and they ensure the compensation 
of both rapid and slow changes i n  the  cerebral  blood volume. They a l so  play an 
important -part i n  maintaining the e s sen t i a l  l e v e l  of the  cerebral  blood supply 
by promoting u t i l i z a t i o n  of the  pulse  wave energy of a r t e r i a l  pressure and 
resp i ra tory  movements f o r  the outflow of venous blood from the  cranium. These 
mechanisms a re  l ikewise responsible f o r  mechanical automatic s t ab i l i za t ion  of 
the  cerebral  blood f l a w .  On the  basis  of the  spec ia l  re la t ionships  exis t ing be- 
tween the  volumes and pressures of a r t e r i a l  and venous blood and CSF i n  the  
c ran ia l  cavity, it w a s  possible  t o  work out t he  general  pa t t e rn  of the physical 
correlat ions i n  the  cerebral  circulation, incorporate it i n  a mathematical model, 
and program it f o r  a computer. 

/195 

From the  mater ia ls  presented i n  chapter 2 it can be concluded t h a t  two kinds 
of changes i n  the  cerebral  blood volume a re  t o  be expected during gravi ta t iona l  
s t resses :  (1) change i n  the  t o t a l  cerebral  blood volume due t o  the  red is t r ibu t ion  
of blood, and ( 2 )  change i n  the parameters of the per iodic  (pulse  and respiratory)  
f luctuat ions of the blood volume. The most important changes i n  the  in t racran ia l  
c i rcu la t ion  occm during longi tudinal  accelerations.  During l a t e r a l  accelerations 
the basic  changes a r e  caused by the  longi tudinal  components and by changes i n  
the  systemic and pulmonary circulat ions (chapter 5 ) .  

Data on act ive processes i n  the  cerebrovascular system indicate  tha t  two 
kinds of act ive reactions can be distinguished during s l i g h t  and br ie f  accelera- 
t ions  lying close t o  the  threshold of the biological  act ion of t h i s  factor .  
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Reactions of the f i rs t  kind have a l a t e n t  period of several  seconds and a r e  aimed 
at  normalizing the  t o t a l  cerebral  blood volume, while reactions of t he  second kind 
occur when the  s t r e s s  i s  changed, the i rpurpose  being t o  prevent d ra s t i c  change i n  
the cerebral  blood volume. The f i rs t  set of reactions is presumably charac te r i s t ic  
mostly of t he  higher ver tebrates  and man, while the  other reactions are generally 
found i n  the  lower ver tebrates .  However, other ac t ive  processes appear when the  
duration and in t ens i ty  of longi tudinal  accelerations i s  increased and during 
l a t e r a l  accelerations.  These are indicated both by change i n  the leve ls  of the  
cerebral  blood volume and in t r ac ran ia l  pressure and by t h e  dynamics of t h e i r  
periodic f luctuat ions - pulse  and resp i ra tory  waves. The parameters of these 
fluctuations,  t h e i r  amplitude and shape,as shown i n  chapters 3 and 4, carry infor-  
mation on both the  ac t ive  and passive processes i n  the  in t r ac ran ia l  c i rculat ion.  

Cerebral hypoxia plays an important p a r t  i n  t he  or ig in  of these reactions,  
as shown by the  onset of a t h i r d  phase of act ive change i n  the  cerebral  blood 
volume following an increase i n  duration of the action. 

On the  basis  of the mater ia ls  s e t  fo r th  i n  t h i s  monograph and a comparison 
of them with the  data i n  the  literature, we thought it possible  to present a flow 
pa t t e rn  of the  regulat ion of the  cerebral  c i rcu la t ion  during gravi ta t iona l  s t resses  
as a unique, p a r t l y  i so l a t ed  system. Although any representat ion of a complex 
s e t  of biological  processes i n  a flow pa t te rn  w i l l  inevitably,  of course, lead t o  
a s implif icat ion of the t r u e  p ic ture  of the phenomena, we t r i e d  to avoid d i s to r t ion  
i n  t h e  e f f o r t  to provide a deeper understmding of t he  phenomena tha t  take place 
i n  the  in t r ac ran ia l  c i rculat ion.  

A t  the  present s tage i n  our knowledge of the regulat ion of t he  cerebral  
c i rculat ion,  i t  i s  convenient t o  look upon our s implif ied and generalized scheme 
as a terminal automatic device ( f i g .  96).  
i s  constant, a r t e r i a l  and venous pressures (chapter 2) can be taken as inputs.  
The output, of course, i s  the  correlat ion between the  concentration of oxygen and 
other metabolites i n  bra in  t i s sue  and i t s  requirement therefor .  These indices 
obviously depend on the  capi l la ry  blood flow and, consequently, on the  in t ens i ty  
of the  cerebral  blood supply. The purpose of regulat ion during various actions 
on the  body, therefore,  i s  to maintain the  in t ens i ty  of the  cerebral  blood flow 
a t  the  necessary l e v e l  when the  parameters of the inputs a re  changed. 

Assuming t h a t  the blood oxygen l e v e l  

Judging by the  dynamics u f  the  cerebral  blood flow examined i n  chapter 2, 
the  blood flow i n  the cerebral  cap i l l a r i e s  following a change i n  the  parameters 
of the inputs of the  system i s  kept a t  a constant l e v e l  mainly by mechanical 
automatic s t ab i l i za t ion  of the  flow. I n  the  diagram shown.in f igure  96, element 
M performs the  s t a b i l i z a t i o n  function. The p o s s i b i l i t i e s  of such mechanical 
automatic s t ab i l i za t ion  are l imited.  However, the bra in  i s  f a i r l y  wel l  supplied 
with nut r ien ts  even a f t e r  ra ther  subs tan t ia l  changes i n  the  parameters of the  in-  
puts.  The l a t t e r  i s  possible  thanks to t h e  existence of ac t ive  regulat ion of 
the cerebral  blood flow which alters the  hydrodynamic res i s tance  of various portions 
of the  vascular bed t o  changes i n  the  input signals,  thereby maintaining the  
necessary l e v e l  of the  cap i l l a ry  blood flow. I n  t h e  suggested flow pa t t e rn  t h i s  
function i s  performed by regulators  which ensure the  compensation of changes i n  
the pa rme te r s  of the inputs.  A s  noted above, i n  the  present  s tage of knowledge 
about regulat ion of the cerebral  c i rcu la t ion  a t  l e a s t  th ree  independent groups of 
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regulators  can be ident i f ied :  regional or extraorgan arteries R1, p i a l  a r t e r i e s  

R2, and deep-lying cerebral  a r t e r i e s  R 

veins are also involved i n  ac t ive  regulat ion of t he  blood flow. 
includes, therefore, a corresponding element R 

It i s  qui te  possible  t h a t  the  cerebral  3' 
O u r  flow pa t te rn  

4' 

Figwe  96. 
of the  cerebral  blood supply during gravi ta t iona l  
' s t resses .  

Flaw pa t te rn  showing the  regulat ion 

R1, R2, 3, and R4 - regulators  of the  hydrodynamic 

resis tance of the  cerebral  vessels;  cs - capi l la ry  
divis ion of t he  cerebrovascular system; M - u n i t  for 
me chani c a l  aut mat i c s t ab i l i za t ion  of the  cer ebr a1 
blood flow; a, by c - receptor zones controll ing the  
s t a t e  of the  inputs and output of t he  system; RC - 
center (or centers) regulating the  cerebral  c i rcula-  
t ion ;  LC - center l inking the  regulation of the  cere- 
b r a l  c i rcu la t ion  t o  other un i t s  regulating the  cardio- 
vascular system. 

A l l  these regulators a re  control led by the  corresponding center or centers 
which determine t h e i r  ac t iv i ty .  It i s  s t i l l  d i f f i c u l t  t o  say anything de f in i t e  
about the functioning and loca l iza t ion  of t h i s  center or centers. We should 
merely l i k e  t o  point  out t h a t  it (or they) must obtain information about the in- 
puts and output of the system. 
the carot id  zone receptors and by the  receptor zones i n  the reg ion  of the b i -  
furcations of the  cerebral  a r t e r i e s .  
pressure and the blood chemistry. 
of information for controll ing the  tone of t he  cerebral  a r t e r i e s ;  the second, 
f o r  control l ing the  number of functioning cap i l l a r i e s .  
i s  controlled by the  baroreceptor zones of t he  venous sinus and by the 

The s t a t e  of  input 1 seems t o  be controlled by 

These receptor zones control  both a r t e r i a l  /198 
Presumably the  f irst  parameter i s  the  source 

The s t a t e  of input 2 

166 



baroreceptors of the  dura mater because the  pressure on the dura mater i s  similar 
to the  pressure experienced by the  walls of the  veins. The s t a t e  of the  output 
of the  system seems t o  be controlled by brain s t ructures  sens i t ive  to the  con- 
centration of metabolites i n  bra in  t issue,  spec i f ica l ly  C02 and 0 

of receptors a re  designated a, b, and c i n  our diagram. 

These groups 2' 

We mentioned only the  pr inc ipa l  receptor zones which we believe play a 
major r o l e  i n  maintaining the  cerebral  blood flow dw,ing gravi ta t iona l  s t resses .  
However, we cannot r u l e  out the  poss ib i l i t y  of act ive cerebrovascular reactions 
e l i c i t e d  by other receptor zones local ized i n  the  cerebrovascular system or i n  
other vas c u l m  bas ins .  

Information from the  receptor zones i s  transmitted through nerve channels 
t o  the  regulatory center of centers, whence the control s igna l  enters  the execu- 
t i v e  system - the  regulators.  The s ignal  a l so  seems to be transmitted to the  
cent ra l  controlorgans of the  circulatory system or to the  centers they control, 
thus promoting the  compensation of changes i n  the input parameters from without. 
The connection between the center regulating the cerebral  c i rcu la t ion  and the 
other regulatory un i t s  of the  cardiovascular system i s  designated RC. 

The diagram shown i n  f igure  96 c l a r i f i e s  some of the  processes responsible 
f o r  maintaining the  homeostasis o f  the  cerebral  c i rcu la t ion  during gravi ta t ional  
s t resses .  For example, during a drop i n  a r t e r i a l  pressure or elevation of venous 
pressure i n  the vessels transporting blood i n t o  or out of the  bra in  as a r e s u l t  
of d i r ec t  or ind i rec t  g rav i ta t iona l  s t ress ,  the  in t ens i ty  of the  cerebral  blood 
flow does not change, as would happen i n  a simple mechanical system ( f i g .  97, 
broken l i nes ) ,  but i s  kept constant within f a i r l y  broad limits of change i n  the 
input parameters. This constancy i s  ensured by several  mechanisms, the pr inc ipa l  
ones being the following ( f i g .  96):  

1) Mechanical automatic s t ab i l i za t ion  of the cerebral  blood flow (chapter 
It keeps the  cerebral  blood flow constant upon change i n  the  parameters of 2 ) .  

input 1 t o  some provisional l e v e l  I ( f i g .  97). 

2 )  Active cerebrovascular reactions of neurogenic nature ( f i r s t  and second /199 
kinds of reactions, examined i n  chapter 5 ) .  
steady upon change i n  the  parameters of input 2 and possibly input 1 t o  l eve l  11. 

These react ions keep the output 

3 )  Active cerebrovascular reactions of humoral nature a r i s ing  from change 
in  concentration of CO 2, 02, and other metabolites i n  brain t i s sues  following 

some primary decrease i n  the cerebral  blood supply. These reactions maintain 
the  cerebral  blood flow upon change i n  the  input parameters to l e v e l  111. 

It i s  only when changes i n  the  parameters of the  inputs exceed l eve l  I11 
t h a t  the  cerebral  blood flow decreases and noncompensated hypoxia develops with 
a l l  the  a f te ref fec ts .  
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inputs 

Figure 97. Graph i l l u s t r a t i n g  the  working of 
the  flow pa t t e rn  shown i n  f igure  96. 

Absicssa - l e v e l  of inputs of t he  system; 
ordinate - l e v e l  of the output. The broken 
l i n e s  show the  relat ionship cha rac t e r i s t i c  
of a nonregulated system. I, 11, and I11 - 
l eve l s  t o  which the mechanisms regulat ing the 
cerebral  c i rcu la t ion  are  e f fec t ive .  

Thus, the diagram showing the  regulat ion of the  cerebral  blood supply during 
gravi ta t iona l  s t r e s ses  ( f i g .  96), despi te  some necessary simplification, provides, 
i n  our opinion, a general  idea of  the  processes t h a t  maintain the homeostasis of 
the cerebral  c i rcu la t ion  a t  t h i s  time and c lear ly  shows t h a t  the limits of 
s t a b i l i t y  of the system can be increased by broadening the  limits of change i n  
the s t a t e  of the  inputs where the  mechanisms of compensation are  s t i l l  effect ive.  
The mater ia l  considered i n  chapter 5 indicates  t ha t  t h i s  can be achieved i n  
several  ways, e.g., by change i n  the  funct ional  s t a t e  of t he  organism. 
achieved, above a l l ,  by acclimatization t o  hypoxia. 

It can be@ 

On the  basis of the  diagram it i s  possible  t o  p red ic t  what e f fec t  l a t e n t  
pathological changes i n  the  cerebrovascular system w i l l  have on the resis tance 
of the cerebral  c i rcu la t ion  t o  s t resses .  Under normal’conditions these changes 
may be compensated, but  during gravi ta t iona l  s t r e s ses  they may markedly reduce 
the permissible limits of the loads. This can be i l l u s t r a t e d  by comparing the 
values of two actions P ( f i g .  97) d i f f e ren t  i n  force but  causing the 

same impairment of t he  cerebral  blood supply because one of them ac ts  a t  the  
normal level ,  while the  other ac ts  against  a background of compensated impairment 
of the cerebral  c i rculat ion.  

and P 1 2 

Despite t he  simplification, OUT diagram focuses a t ten t ion  on some important 
unresolved matters and suggests the d i rec t ion  of fu ture  research on the in t r a -  
c ran ia l  c i rcu la t ion  as a unique funct ional  system. There are two approaches to 
the  study of t h i s  system. 
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1) The "macroapproach" or constructisn of a "weak" model. This would in-  
clude a study of the  general charac te r i s t icsof  thesystem regulat ing the in t r a -  
c ran ia l  c i rcu la t ion  without i so la t ing  the individual s t ruc tu ra l  elements. I n  

would be possible  t o  dis t inguish the  type and general  operational features  of 
the  system, t o  determine the precise  number of inputs  and outputs, t o  e lucidate  
the qua l i ty  of regulation, e tc .  Such an approach also presupposes the elaboration 
of a mathematical model of the  c i rcu la tory  processes i n  t h i s  sytem, i . e . ,  simula- 
t i o n  of the hydrodynamic processes accompanying the  flow of blood i n  the cerebral  
vessels.  The r e su l t  of t h i s  type of research should be t h e  construction of a 
formal model t h a t  takes i n t o  account both the  charac te r i s t ics  of act ive regulation 
of the cerebral  blood flow and the hydrodynamic r e l a t ions  i n  the  closed c ran ia l  
cavity.  

2 )  

t h i s  case the  system would be regarded as a "black box." With t h i s  approach it 

The "microapproach" or constructicJn of a "strong" model. This would 
include a study of the  s t ruc tu re  of the  system regulat ing the  in t r ac ran ia l  c i r -  
culation and the  in te rac t ion  of i t s  component pa r t s .  It would involve the  
modeling of these elements i n  a s e t  of d i f f e r e n t i a l  equation, a f in i te -d i f fe rence  
scheme or  composition of terminal automatic devices. The goal of such an approach 
would be t o  ascer ta in  the  r o l e  of each l i n k  i n  the  system regulating the  cerebral  
c i rculat ion.  

Besides these aspects, it would be of considerable value t o  invest igate  the 
nature of the  l o c a l  regulat ion of the blood supply i n  d i f f e ren t  pa r t s  of the 

c i rcu la t ion  from the  standpoint of comparative physiology. Neither subject has 
been accorded the  a t ten t ion  it deserves. 

brain.  Also, it would be worthwhile t o  study the  regulat ion of the  cerebral  /201 

Another matter worth invest igat ing 9 s  t he  response of i n t r ac ran ia l  c i rcu la t ion  
t o  various physical factors .  It i s  also necessary to study the  many problems in-  
volved i n  e lucidat ing the  mechanisms responsible f o r  impairment of the cerebral  
c i rcu la t ion  i n  a va r i e ty  of pathological s t a t e s  of the cerebrovascular system. 

Thus, the  f i e l d  of fu ture  research on the  i n t r a c r a n i a l  ci.rculation i s  very 
broad. The use of mathematical modeling, as we t r i e d  t o  SLVJ, i s  qu i te  promising. 
There w i l l  obviously be a need t o  devise new research techniques f o r  studying 
the individual p a r t s  of the cerebrovascular system which d i f f e r  from one another 
i n  locat ion and i n  funct ional  charac te r i s t ics .  New methods w i l l  have t o  be de- 
v i sed  f o r  invest igat ing and funct ional ly  evaluating the  cerebral  c i rcu la t ion  
under c l i n i c a l  conditions. And, f ina l ly ,  new methods w i l l  have t o  be developed 
f o r  processing and analyzing the  information obtained. 
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